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ABSTRACT
TRANSPORT POLYMERIZATION FOR MATERIALS SYNTHESIS
SEPTEMBER 2006
ZHIXIANG LU, B.S., TONGJI UNIVERSITY
M.S., FUDAN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas J. McCarthy
Ultrathin (10 nm ~ I urn) poly(ethyl 2-cyanoacrylate) (PECA) films were
prepared on flat surfaces via vapor deposition without experiencing the liquid phase.
System pressure, monomer temperature, as well as surface initiators were studied in the
process of controlling the thickness and roughness of polymer films. The growth of
poly(ethyl 2-cyanoacrylate) film from patterned initiating surfaces resulted in patterned
polymer films.
Bulk and surface modifications have been studied in this dissertation to expand
the application of poly(ethyl 2-cyanoacrylate) thin films. Polymer/metal composites were
prepared using supercritical carbon dioxide. It was found that platinum formed
homogeneous particles in poly(ethyl 2-cyanoacrylate) films, when poly(ethyl 2-
cyanoacrylate)/poly(para-xylylene) (PPX) multilayer thin films were used as substrate for
the platinum deposition, particles formed continuous layer in PECA layer while
Transmission electron microscopy (TEM) did not show any platinum particles in PPX
layer, which enabled the preparation of alternative conducdng-isolating layers.
vi
Different functionalities can be introduced to the surface of poly(elliyl 2-
cyanoacrylate) films after anhydrides, isocyanates and acyl chlorides reacted with PECA
film which was reduced by L,iAlH4 and BH3. X-ray photoelectron spectroscopy (XPS),
atomic force microscopy (AFM) and contact angle measurement indicated that the
reaction yield was not high, but for special applications, this method may still be useful.
Vapor deposition of ethyl 2-cyanoacrylate was also applied to the nano channels
of anodized aluminum membrane (AAM). PECA layers with different thicknesses can be
obtained on the inner wall of the nano channels by tuning vapor flow rate, temperature
and vapor deposition time. PECA nanotubes were obtained after the removal of the
anodized aluminum membrane. PPX/PECA coaxial nanotubes with PPX-outer shell and
PECA-inner shell were prepared by using vapor deposition of ethyl 2-cyanoacrylate
(ECA) on the AAM-supported PPX nanotubes. Platinum deposition has been applied in
the coaxial PPX-PECA nano tubes, platinum particles can be seen by SEM and TEM in
the PECA layer or on the PECA inner surface. Gold nano particles were also formed
inside of the PECA nanotubes using electroless gold deposition.
vii
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CHAPTER 1
OVERVIEW
Conformal ultra-thin polymer films have been prepared by using vapor deposition
to form solids without an intermediate liquid phase. This dissertation concerns the control
of the growth of poly(ethyl 2-cyanoacrylate) thin films on flat surfaces and surfaces of
nano channels in anodized aluminum membranes (AAMs).
Chapter 2 describes the vapor deposition of thin poly(ethyl 2-cyanoacrylate) film
on silicon wafers which were treated with aminosilanes and small molecule amines. 3-
Aminopropyldimethylethoxysilane and (N,N-diethyl-3-aminopropy)trimethoxysilane
modified silicon wafers were used as substrates for the vapor deposition of ECA from
these monolayer initiators. The thickness and roughness of the polymer thin film can also
be controlled by adjusting the monomer temperature, system pressure and deposition
time.
Chapter 3 discusses metal deposition in poly(ethyl 2-cyanoacrylate) thin films via
supercritical carbon dioxide processes. Precursors for platinum, nickel, and silver were
examined and platinum was found to form homogeneous uniformed sized particles in the
PECA films, while Ni and Ag formed large clusters and discontinuous particles.
Poly(para-xylylene)/poly(ethyl 2-cyanoacrylate) thin films were also used as substrates
for metal deposition, TEM images showed that no platinum particles were formed in the
1
PPX layer, while PECA formed a conducting layer. Platinum particle size can be adjusted
by tuning precursor concentration, CO2 temperature and reducing method.
Chapter 4 discusses the surface modification of poly(cthyl 2-cyanoacrylatc) films.
Nitrile and ester groups on the polymer chains were reduced by UMIU and BII3 to
primary amine groups and alcohols which were subsequently reacted with various acyl
chlorides, anhydrides and isocyanates. Al'M, contact angle measurement and XPS
showed that the modification yield was not high due to the unstable PECA surface
formed after reduction. The reduced PECA was water soluble, and easily removed when
treated with sulfuric acid. The modification of the reduced PECA with acyl chlorides,
anhydrides, isocyanates can be performed before the AI2O3 was removed. XPS data
showed that the yield of the reaction on the reduced surfaced was not high.
Chapter 5 discusses the application of the vapor deposition of PECA in the nano-
scopic area. Anodized aluminum membranes were used as template for the preparation of
poly(ethyl 2-cyanoacrylate) nanotubes and poly(para-xylylene)/poly(ethyl 2-
cyanoacrylate) coaxial nanotubes. Different vapor deposition conditions were applied to
make PECA layers of varying thickness inside of the AAM. PECA nanotubes formed
self-standing polymer templates after the removal of AAM. Platinum particles were
introduced into the PECA layer of coaxial nanotubes via supercritical carbon dioxide
processes.
2
Appendix A describes the method used to calculate the thickness of PECA film
inside of the anodized aluminum membrane pores, assuming the diameter of the pore is
200 nm and the density of AI2O3 is 3.97, and PECA density is 1. The equation in
appendix A shows the relationship between PECA thickness and the weight change of the
membrane after vapor deposition. Appendix B contains details about electroless gold
deposition in the AAM-supported PECA nanotubes. Different conditions would be
needed to prepare uniform coated Au layers on PECA surfaces. Gold nano particles have
been found in the PECA nanotubes by SEM and TEM; energy dispersive X-ray
spectroscopy (EDS) indicates that gold is present everywhere.
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CHArnCR 2
POLY(ETHYL 2-CYAN()ACRYLATi:) THIN FILM FORMATION ON SILICON
2.1 Introduction
Mulli-laycr polymer films have received increasing allenlion in large pari because
the combination of various properties from different layers can give films that function
better than individual layers. In our research group, we have studied the adsorption of
poly(vinyl alcohol) from aqueous solution' and vapor deposition of poly(para-xylylene)^
to prepare thin conformal coatings on various substrates.
Alkyl cyanoacrylates (ACA) are among the most reactive monomers known in
anionic polymerization."' They polymerize extremely fast at room temperature, and are
initiated by weak bases including covalent compounds such as amines and phosphines.*
Weakly basic materials such as polar solvents, halide ions and even trace amounts of
water have also been reported to be catalysts for polymerization^'^' (eq.l). The unique
reactivity of cyanoacrylate monomers has been attributed to the resonance stabilization of
the propagating anion by the electronegative nitrile (-CN) and ester (-COOR) groups.^
Propagation rate constants between 3x10^ and 6x10^ L.mol 's ' at 20 °C in
tetrahydrofuran for both ethyl cyanoacrylate and butyl cyanoacrylate have been
measured.'*
H CN H CN ^.
Nu:---^C=C Nu-C-C Polymer
H C-OC2H5 H C-OC2H5
"I JiO 0 (1)
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Reaction rates and polymer molecular weights are largely unaffected by low
concentrations of water and carbon dioxide, and this emphasizes the stability of the
propagating cyanoacrylate anion.^ Johnston and Pepper^ studied the stability of
polycyanoacrylate anions calorimetrically and spectroscopically and the calorimetric data
suggest that cyanoacrylate monomers continue to polymerize in the presence of water or
CO2. The anionic polymerization of ethyl 2-cyanoacrylate (EGA) in supercritical carbon
dioxide was reported by Kung."^ Regardless of the solvent employed, unlike truly ideal
living anionic polymerizations, the measured molecular weights were much higher than
the theoretical values predicted by the initial monomer-to-initiator ratio, [M]o/[I]o- The
polydispersity ratios, Mw/Mn, were not nearly as narrow as those found in ideal living
polymerizations.'^ The result of this investigation agreed with the conclusions found by
other researchers for pyridine-initiated polymerizations of cyanoacrylates and indicated
slow and incomplete initiator utilization.'*'
Woods et. al."'^ studied poly(ethyl 2-cyanoacrylate) film formation on silicon
wafers using vapor deposition; the extremely fast polymerization made it possible to form
solid films from monomer vapor without a liquid phase intermediate. In this dissertation,
different initiators and reaction conditions were investigated in the process of making 10
nm ~ 1 |am thick poly(ethyl 2-cyanoacrylate) films on silicon wafers. Silicon wafers were
chosen as substrates due to their smooth surfaces; it was straight-forward to determine the
polymer thickness using ellipsometry.
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2.2. Background
2.2.1 Solution polymerization of cvanoacrvlate
Polymerizations initiated by PhjP were confirmed as "living polymerizations",
but with relatively slow initiation^ (e.g., kAp, ~ 5x 10"^ at - 80 °C). Amine-initiated
polymerizations gave very high molecular weights (> 10*^), and this was attributed to a
repetitive chain-doubling process that is possible with zwitterions.'^ Acid-inhibition
studies of amine-initiated reactions showed that the rates of initiation were complex and
show negative temperature dependences."* Increasing concentrations of weak acids (e.g.,
chloroacetic, cyanoacetic) simply caused progressively slower sigmoid conversion
curves; such acids would be classified as "retarders". Strong acids, however, (e.g., p-
toluene-sulphonic (ISA), trichloroacetic) impose clear-cut inhibition periods that are
proportional to their added concentrations, after which the polymerization "takes off at a
rate equal to, or greater than, that of the acid-free polymerization."
It was found that when an equimolar amount of dimethylphenylphosphine and
ECA react, a stable zwitterion is formed.''* It was the first time that the proposed
initiating species for alkyl cyanoacrylate polymerization was sufficiently stable to be
isolated and fully characterized spectroscopically. The reactions between ECA and
primary, secondary and tertiary amines exhibit significant differences in rate: tertiary
amines initiate rapid ECA polymerization with a strong exotherm to produce high
molecular weight polymers. In contrast, the reaction of ECA with primary or secondary
amines occurs at a much slower rate resulting in low molecular weight oligomers or
polymers. Instead of directly initiating ECA polymerization, primary and secondary
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amines first form aminocyanopropionate esters, because proton transfer occurs after the
formation of the initial zwitterionic species (Figure 2.1).
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Figure 2.1. Initiation mechanism of the polymerization of ethyl 2-cyanoacrylate by
primary, secondary, and tertiary amines.
2.2.2 Vapor deposition of polvfethyl 2-cvanoacrvlate)
When the vapor of ethyl 2-cyanoacrylate vapor arrives at a basic substrate
surface, a polymer film forms immediately and grows uniformly at a constant rate.
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Figure 2.2. Proposed mechanism of ethyl 2-cyanoacrylate polymerization from an
activated surface initiator site.
The growth of the polymer thin film occurs at the solid/vapor interface without liquid
condensation occurring. The formation of thick films suggests that the active
polymerization initiation sites are transposed from the substrate surface to the growing
polymer front during the deposition. This is consistent with the living zwitterionic
polymerization mechanism proposed by Pepper" and was confirmed by the observation
that the deposited polymer remained active for a reasonable period of time following
deposition.
In the case of reactive silane-containing amines, the basic initiator groups can be
expected to form covalent bonds (Sis-O-Si) with free silanol groups of the silicon oxide
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outer layer. Alternatively, activation may result in the formation of various surface
silicate anions by a "neutralization" reaction with the basic activator.
2.2.3 Stability of Dolv-g-cvanoacrvlate
Water-insoluble poly-a-cyanoacrylate powders'^' degrade in the presence of
water with the resulting formation of formaldehyde. The rate of aqueous degradation was
found to be considerably slower for the polymers of the higher alkyl esters. In
homogeneous solution, under alkaline conditions, the rate of degradation is considerably
higher than under neutral conditions.'^ The thermal stability'^ of poly(alkyl a-
cyanoacrylate)s decreases in the order poly(n-propyl a-cyanoacrylate) (PPCA) >
poly(ethyl a-cyanoacrylate) (PECA) > poly(methyl a-cyanoacrylate) (PMCA). Initially,
the thermal stability of poly(allyl a-cyanoacrylate) (PACA) was lower than that of PPCA,
but at temperatures higher than 220 °C the order was reversed due to crosslinking
through pendant allylic bonds. The polymers are relatively unstable towards a variety of
chemicals, including alkaline solutions and certain solvents including acetonitrile and
dimethylformamide.'^ Thermal stability of the polymers is also relatively low with
1
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quantitative conversion to monomer occurring at temperatures above 120 °C.
2.2.4 Application of polyfalkyl cvanoacrvlate)s
Since alkyl 2-cyanoacrylates (ACAs) polymerize extremely fast, they have been
called super-glue or crazy-glue, and have been exploited extensively as a tissue adhesive
for joining human tissue and in healing wounds."*^ Of the CAs with different alkyl side
groups, a new skin adhesive called Derma-bond, which is 2-octyl cyanoacrylate (2-
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OCA), has been developed and approved for human use in Ihe United Slates and
Europe. Some studies have shown that polycyanoacrylates (PCAs) are biodegradable
and that the formaldehyde produced by degradation irritated the adjacent lissues.^^ In
such a case, if they were not used topically, CAs could induce innammation, tissue
necrosis, and infection risks.^^ In the case of the lower alkyl homologues, such as methyl
and ethyl, their applications have been restricted because of tissue toxicity.-" However,
the higher alkyl homologues exhibit lower tissue toxicity because the rate of degradation
is slower. Besides as adhesives, poly(ethyl 2-cyanoacrylate) has been used as a
photoresist on silicon wafers.'^
2.3 Experimental Section
2.3.1 Materials
Ethyl 2-cyanoacrylate (ECA) was obtained from Loctite and used without
additional purification, organosilanes were purchased from Gelest and were used directly.
SYLGARD 184 silicon elastomer base and curing agent were purchased from Dow
Coming Corporation and used without additional purification. Diethyl amine, ethylene
diamine, triethyl amine and pyridine were obtained from Aldrich and distilled under
nitrogen before use. Silicon wafers were obtained from International wafer service (100
orientation, P/B doped, resistivity from 20 to 40 Q cm). Water used to measure contact
angles was house purified water (reverse osmosis) which was further purified using a
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Millipore Milli-Q system that involves reverse osmosis, ion exchange, and fiUration steps
(18 xlO^Qcm"').
2.3.2 Methods
A Mano-Watch™ (Model MW-1000, Instruments for Research and Industry, I'R,
Inc.) device was used in the chemical vapor deposition (CVD) to control pressure in the
reaction vessel. The thickness of polymer thin films on silicon wafers was measured with
a Rudolph Research Auto EL-II automatic ellipsometer equipped with a Helium-Neon
laser (k - 6328 A) at an incidence angle of 70° (from the normal to the plane). Advancing
and receding contact angles were obtained using a Rame-Hart telescopic goniometer and
Gilmont syringe with a 24-gauge flat-tipped needle. Advancing (6^) and receding (6k)
contact angles were recorded while the probe fluid was added to and withdrawn from the
drop, respectively. Contact angles reported were an average of at least four measurements
taken at different locations on the samples, and all values for each sample were in range
TM
of ± 2°. AFM was performed on a Dimension 3 100 microscope system (Digital
Instruments, Inc.). The roughness analysis was conducted on 2 ^m x 2 |am scan areas. X-
ray photoelectron spectroscopy (XPS) was performed on a Physical Electronics Quantum
2000. Spectra were recorded at two takeoff angles, 15° and 75° (between the plane of the
surface and the entrance lens of the detector optics).
2.3.3 Cleaning of silicon wafers
Silicon wafers were cut into 1.2 x 1.2 cm or 1.5 x 1.5 cm sections, rinsed with
reverse osmosis (RO) water, blown dry with nitrogen, and then cleaned by O2 plasma
treatment. The chamber of the oxygen plasma cleaner was pumped down to 50 millitorr
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and Hushed with Oztwo times and the plasma was turned on for 5 minutes at 100
millitorr. The silicon wafers were used within 30 minutes of the plasma treatment.
2.3.4 Modification of silicon wafers
2.3.4.1 One-step modification
Chemically grafted monolayers of silanes were prepared through the reaction of
aminosilanes with silanol groups on the silicon wafer. Depending on the vapor pressures
of the different silanes, the silanization reaction was carried out in the vapor phase or in
solution. For those silanes with high vapor pressure, the vapor phase reaction was
applied, and there was no direct contact between the wafers and the liquid. The silicon
wafers were placed on a custom-made sample holder and were suspended in a Schlenk
tube containing 0.5 mL silane. For instance, the vapor phase reaction of silicon wafers
with 3-aminopropyldimethylethoxysilane (APDMES) was carried out at 70 °C for 3 days.
When the vapor pressure of the silane was relatively low, a solution reaction was applied,
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and toluene was verified to be the best solvent for this reaction. Silicon wafers on a
custom-made sample holder were placed in a Schlenk tube which was then sealed and
purged with nitrogen for 20 minutes. A solution of the silane in anhydrous toluene was
transferred to the Schlenk tube via cannula, and the Schlenk tube was placed in a 70 °C
oil bath for a prescribed period of time. The concentration of all silane solutions in
toluene was 0.02 M. The solution reaction time for silicon wafers with (N,N-diethyl-3-
aminopropyl) trimethoxysilane was 72 hours, 48 hours with N-methylaminopropyl-
trimethoxysilane and 24 hours with 2-(trimethoxysilylethyl) pyridine. These reaction
times were determined to be needed to form "monolayer" thickness silane layers (~ 1 nm)
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on the silicon wafers. After the silicon wafers were removed from the Schlenk tube, the
silicon wafers were rinsed with dichloromethane, ethanol, and reverse osmosis water in
this order, and dried in a nitrogen stream.
2.3.4.2 Two-step modirication
Silicon wafers were treated with two different silanes in a two-step procedure. To
prepare different APDMES concentrations on silicon wafers, tris(trimcthylsiloxy)silyl-
chlorosilane (tris-TMSCl) was used in a first step to modify the silicon wafer in solution.
Since the size of this silane molecule is relatively large, "big umbrellas" form, covering
reactive groups on silicon." There were always holes between these groups and silanols
on the silicon wafer in the hole-areas can be used to react with another silane. 3-
Aminopropyldimethylethoxysilanc was used in the second modification step and the final
density of amino groups on the surface depended on the density of the
tris(trimethylsiloxy)silyl groups. O2 plasma-treated silicon wafers were immersed in a
toluene solution of 0.02 M tris-TMSCl at 70 "C under the protection of nitrogen in a
Schlenk tube. After a certain time, the silicon wafers were removed and rinsed with
dichloromethane, ethanol, and reverse osmosis (RO) water in this order, and dried in a
nitrogen stream. After the first-step modification, the silicon wafers were then moved to a
Schlenk tube containing 0.5 mL 3-aminopropyldimethylethoxysilane, and maintained at
70 T for 3 days (vapor phase reaction). Silicon wafers were then rinsed again with
dichloromethane, ethanol, RO water in this order, and dried in a nitrogen stream. These
silicon wafers were characterized with ellipsometry, contact angle measurement, AFM,
and XPS, and used as substrates for vapor deposition of poly(ethyl 2-cyanoacrylate).
13
lene
2.3.4.3 Small molecule amines
O2 plasma-cleaned silicon wafers were also placed in the vapor of ethyli
diamine, diethylamine, triethylamine and pyridine at room temperature. Samples were
suspended above the liquid amine in a sealed Schlenk tube for 5 minutes, and flushed
with N2 for 30 minutes to remove residual physisorbed amine on the surface. The silicon
wafers were characterized using ellipsometry, contact angle measurements, AFM, and
XPS.
2.3.4.4 Vapor deposition of PECA on silicon wafers
All glassware was cleaned in a base bath first and then after being rinsed with
water was immersed in a 2.0 M sulfuric acid solution for 2 hours, rinsed with RO water
three times and then dried in a 120 °C oven.
Figure 2.3 shows the reaction vessel; the silicon wafer was facing the monomer
liquid in the vessel, while the glass vessel was immersed in the oil bath. During the vapor
deposition, the reaction vessel was sealed and the pressure controller (which was
connected to a vacuum pump) was used to adjust pressure inside of the reaction vessel. If
not stated otherwise, the system pressure was 1 atm (760 mm Hg). Characterization of the
thin polymer films was conducted within 24 hours after the silicon wafer was taken out of
the reaction vessel.
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Figure 2.3. Apparatus for vapor deposition of poly(cthyl 2-cyanoacrylate)
2.3.4.5 Patterned initiator surfaces
A polydimethylsiloxane (PDMS) "stamp" was prepared by curing a 10:1 mixture
of SYLGARD 1 84 silicone base: curing agent within a silicon mold with 2 |im x 2 |im x
100 pm (width x length x height) posts. Vacuum was applied when the liquid mixture
(before being crosslinked) was introduced to the space between the silicon posts. After 2
hours in a 100 °C oven, crosslinked PDMS formed. After it was cooled to room
temperature, the negative PDMS stamp was peeled from the silicon mold, fhe stamp was
then treated with oxygen plasma for 1 5 seconds at a pressure under 100 mTorr. A
solution of 0.035 M (N,N-diethyl)-3-aminopropyltrimethoxysilane in ethanol (as an
"ink") was spin-coated onto a flat PDMS sample at 3000 rpm for 240 seconds, and then
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the PDMS stamp was attached to the flat PDMS surface for 1 minute to transfer "ink".
After removal from the flat PDMS, the stamp was attached to an oxygen plasma-cleaned
silicon wafer for 30 seconds to print the "ink". This silicon wafer was then placed in an
oven at 100T for 1 hour before it was used as a substrate for vapor deposition of
poly(ethyl 2-cyanoacrylate) at 35 °C for 8 minutes.
PDMS
nn
Silicon posts
fTTTTl
Oxygen plasma
100 mTorr, 15 seconds
4>
PDxMS PDMS
Spin-coating 3000 rpm, 4 minutes
Ink: (N,N-diethyl-3-aminopropyl)trimethoxysilane
0.035 M in ethanol
1 minute
ffTTT!
Ink-transfer to silicon wafer, 30 seconds ECA vapor deposition
35 "C, 8 minutes
Figure 2.4. Vapor deposition of PECA on patterned initialing surface.
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2.4 Results and Discussion
2.4.1 Modification of silicon wafers
2.4.1.1 Surface-bound initiators on silicon wafers
Silicon wafers modified with aminosilanes (shown in Figure 2.5) and small
molecule amines were used as substrates for the deposition of poly(ethyl 2-
cyanoacrylate). Silanes with primary, secondary and tertiary amines formed covalent
bonds with silicon wafers. Solution reactions were applied to 3-aminopropyl-
triethoxysilane-(2), N-methylaminopropyltrimethoxysilane-(3), (N,N-diethyl-3-
aminopropyl)trimethoxysilane-(4), and 2-(trimethoxysilylethyl)pyridine-(5), while vapor
phase reactions were performed in the case of 3-aminopropyldimethylethoxysilane
(APDMES, 1). After the silicon wafers were exposed to the vapor of small-molecule
amines, no visible amounts of ethylene diamine, diethyl amine, triethyl amine or pyridine
remained on the silicon wafers after they were flushed in a nitrogen stream. The surfaces
were characterized with ellipsometry, contact angle measurement, AFM and XPS.
Structures of the aminosilanes are shown in Figure 2.5.
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Figure 2.5. Structures of aminosilanes: 1. 3-aminopropyldimethylethoxysilane
(APDMES); 2. 3-aminopropyltriethoxysilane; 3. N-methylaminopropyltrimethoxysilane;
4. (N,N-diethyl-3-aminopropyl)trimethoxysilane; 5. 2-(trimethoxysilylethyl)pyridine.
As shown in Table 2.1, the thickness of 3-aminopropyldimethylethoxysilane
(APDMES 1) on siHcon wafers was about 0.9 nm. This value did not change after 72
hours; the thickness of (N,N-diethyl-3-aminopropyl)trimethoxysilane-(4) on silicon also
didn't change with reaction time or concentration; both aminosilanes form reproducible
monolayers on silicon wafers.
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Table 2.1. Thickness of aminosilane layers on silicon wafer.
Aminosilanes
Concentration Thickness (nm)
(M) n AO U4o h 72 h
1 _ 0.7 0.8 0.9
2 0.02 - 1.6 2.4
3 0.02 1.3 2.7
0.02 1.0 0.9 1.0
4
0.04 1.1
5 0.02 1.3 7.1
Table 2.2. Silicon wafers modified by different aminosilanes and amines.
Surface
Thickness
(nm)
Rq
(nm)
9a/ Or
n N
75° take-off angl
C Si
e
0
1 0.9 0.093 68/48 1.90 23.13 41.30 33.66
3 1.3 0.328 61/11 4.07 25.98 35.28 34.66
4 1.0 0.245 53/12 2.41 19.91 40.62 37.06
5 1.3 0.408 62/14 2.87 27.69 35.45 33.98
Ethylene diamine 0.5 0.102 62/24 1.28 16.03 44.79 37.9
Diethyl amine 0.4 0.177 46/21 1.06 15.82 42.63 40.5
Triethyl amine 0.5 0.106 43/19 1.06 16.44 45.12 37.38
Pyridine 0.5 0.112 55/30 1.81 20.6 34.89 42.7
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Figure 2.6. Silanization of silicon wafers with different aminosilanes.
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Similar to 3-aminopropyltriethoxysilane-(2), N-methylaminopropyltrimethoxy-
silane-(3), and 2-(trimethoxysilylethyl)pyriciine-(5) formed multilayers easily on the
silicon wafers. With changing reaction conditions, silane layers with different thickness
could be formed and silane networks formed during the silanization. As shown in Table
2.2, ellipsometry data indicates that ethylene diamine, diethylamine, triethylamine and
pyridine form ~ 0.5 nm thickness layers on silicon wafers, and AFM shows that the root-
mean-square roughness (Rq) is very small; a nitrogen peak is seen in all XPS spectra; the
presence of amino groups on the surfaces is indicated.
2.4.2 Effect of temperature on the vapor deposition of PECA
Silicon wafers modified by APDMES-(l) and (N,N-diethyl-3-aminopropyl)-
trimethoxysilane-(4) were used as substrates to study the effect of temperature on the
vapor deposition of PECA. The thickness and root-mean-square roughness (Rq) of the
poly(ethyl 2-cyanoacrylate) thin films formed at different temperatures on the substrates
were measured. Figure 2.7 shows the increase in PECA film thickness as a function of
temperature for both APDMES-(l) and (N,N-diethyl-3-aminopropyl)trimethoxysilane-
(4) modified silicon wafers. When the temperature is changed from room temperature to
75 "C, the PECA films grown from tertiary amine modified - silicon wafers changed fi"om
several nanometers to about 600 nanometers. On primary amine-treated surfaces, PECA
films changed from several nanometers to about 300 nanometers. With increasing
monomer temperature, the vapor pressure of the monomer inside of the sealed reaction
vessel increased. Since the polymerization process is extremely fast, more concentrated
vapor results in faster film growth on the substrate. No liquid droplets formed during this
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process in any case. All films looked firm and smooth under an optical microscope. The
root-mean-square roughness indicates that the films obtained from tertiary amine surfaces
were rougher than those obtained from primary amine surfaces. The faster growth led to
rougher films, and when the monomer temperature was higher, the film roughness
decreased. The relative length scales of the film thicknesses to roughness values indicate
that all films are quite smooth.
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Figure 2.7. Thickness (A) and root-mean-square roughness (B) of PECA fUms formed
after 2-minulc vapor deposition on siUcon wafers treated with () APDMES and ()
(N,N-diethy-3-aminopropyl)trimethoxysilane.
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2.4.3 Poly(ethyl 2-cyanoacrylate) thin films from different initiating surfaces
The previous study shows that growth rate increases with temperature. SiHcon
wafers modified with various aminosilanes were used to study the vapor deposition of
poly(ethyl 2-cyanoacrylate) extensively at 35 °C due to the relatively mild conditions.
Figure 2.8 (A) shows that the growth rates of PECA- films on those substrates were
almost linear with exposure time, especially for APDMES-(l) and (N,N-diethyl-3-
aminopropyl)trimethoxysilane-(4) modified silicon wafers. The growth rates of PECA on
different substrates were in the order: (N,N-diethyl-3-aminopropyl)trimethoxysilane-(4) >
2-(trimethoxsilylethyl)pyridine-(5) > N-methylaminopropyltrimethoxysilane-(3) >
APDMES-(l). Film growth initiated by tertiary amines was faster than that initiated by
secondary amines and primary amines. As shown in Figure 2.8 (B), the roughest film
came from the 2-(trimethoxysilylethyl)pyridine-(5) modified surface, and the films
obtained from N-methylaminopropyltrimethoxysilane-(3) were also relatively rough
compared to those from the tertiary amine and primary amine. The relative length scales
of the thickness and roughness are noted: all surfaces are quite smooth, AFM shows that
the roughness of silicon wafers after silanization was in the order of 2-
(trimethoxysilylethyl)pyridine-(5) (0.408 nm) > N-methylaminopropyltrimethoxysilane-
(3) (0.328 nm) > (N,N-diethyl-3-aminopropyl)trimethoxysilane-(4) (0.245 nm) > 3-
aminopropyldimethylethoxysilane-(l) (0.093 nm), and the PECA films grown from these
surfaces seem to have magnified roughness in the same order. Although the original
silane layer was around 1 nm thick, some of the silane molecules have formed
multilayers, so the chain growth starts at sites of different depth, which renders uneven
surfaces.
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The vapor deposition of PECA on the monolayers of (N,N-ciiethyl-3-
aminopropyOtrimethoxysilane and 3-aminopropyldimethylethoxysilane provided
relatively smooth films. The thickness changed from several nanometers to 400 nm in 60
minutes at 35 °C. This made it possible to accurately control the growth of PECA film on
the substrates. The growth rate changed with the basicity of the initiators. The pKb values
for tertiary, secondary, primary amine and pyridine at 25 °C are 4.21, 3.27, 3.38, and 8.8
respectively, the basicity of those amines in aqueous solution is in the order of secondary
amine > primary amine > tertiary amine > pyridine.
25
500
450 -
^ 400
J, 350
(A
tf) 300
0>
I 250
<O
UJ
Q.
200
150 -
100 -
50
0
(A)
I
A
t
10 20 30 40 50
Deposition time (min)
60 70
4.5
3.5
E
V)
<n
c
3
2 2.5
OS
3
CT
c
CO
0)
E
o
o
0^
1.5
0.5
0 r
4020 30
Deposition time (min)
T
50
T
60 70
Figure 2.8. Thickness (A) and root-mean-square roughness (B) ofPECA fUms grown al
35 °C from () APDMES () (N, N-diethyl-3-aminopropyl)trimethoxysilane ( A) N-
methylaminopropyltrimelhoxysilanc (•) 2-(lrimcthoxysilylethyl)pyridine - treated siUcon
wafers.
26
Klemarczyk discussed the different initiation mechanisms for primary,
secondary and tertiary amines; the reaction products of primary or secondary amine with
one monomer molecule initiate the polymerization, while tertiary amines initiate the
polymerization directly after the formation of zwitterions. During the vapor deposition,
the initiation rates should be in the order of tertiary amine > secondary amine > primary
amine > pyridine. From our experiments, the growth of the polymer film from the surface
containing pyridines was faster than that from surfaces with primary amines due to the
formation of the multilayer film of 2-(trimethoxysilylethyl)pyridine on the silicon wafer
(higher initiator concentration). Of all the basic surfaces, the polymer growth rate on the
monolayer primary amine - APDMES was the slowest and the polymer film was also the
smoothest.
Silicon wafers treated with small molecule amines were also used as substrates for
the vapor deposition of EGA at room temperature. In Figure 2.9, the growth rates of
PECA initiated by ethylene diamine, diethylamine, triethylamine and pyridine were
almost the same. The roughness of the PECA film formed on pyridine-containing
surfaces increased with time, while the roughness of the film on diethylamine-containing
surfaces decreased with time. The PECA films obtained from triethylamine and ethylene
diamine surfaces were relatively smooth, and the growth of PECA from the surfaces
modified by small-molecule amines was faster relative to those modified by
aminosilanes.
27
500
450
400
350
2 300
I 250 -1
5 200 H
<O 150-1
u
Q. 100
50
0
(A)
i
10 15 20 25
Deposition time (min)
30 35
(0
0)
c
(0
3
a-
<P
c
CO
E
o
o
0 10 15 20 25
Deposition time (min)
30 35
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treated silicon wafers.
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was
2.4.4 Effect of system pressure on vapor denosition of PECA
The effect of pressure inside of the reaction vessel on the growth of PECA film
was also investigated. 3-Aminopropyldimethylethoxysilane (APDMES)-modified silicon
wafers were used as substrates in this study. As discussed above, APDMES forms a
monolayer on the silicon wafer. The growth of PECA.film was slow and the film
relatively smooth. The pressure controller shown in Figure 2.3 was used to adjust the
pressure inside of the sealed system. The silicon wafers were facing the monomer liquid
and the oil bath was set at 35 °C. Active pumping (controlled by the pressure controller)
was in effect during the entire deposition in order to keep the system pressure at the
desired value. Silicon wafers were removed from the vapor deposition vessel after 20
minutes; characterization of the polymer films was carried out within 24 hours after
reaction.
As shown in Figure 2.10 (A), when the system pressure changed fi-om 100 mm
Hg to 760 mm Hg, the thickness ofPECA films on siHcon wafers increases from 75 nm
to 530 nm, while the Rq of the polymer films decreases from 2.44 nm to 0.67 nm. The
effective vapor pressure of the monomer changes with the "system" pressure.*^'' When the
system pressure is decreased, the effective vapor pressure of the monomer also decreases.
The action of the vacuum did not allow equilibration of the monomer vapor pressure.
Evaporation could not "catch up" with the evacuation under high vacuum. At relatively
high system pressures, sufficient monomer molecules may make it possible for polymer
to grow on nearby sites at the same time, which results in a smoother film. Thin, but
rougher films can be obtained at low system pressure; if smooth film is desired, low
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system pressures should be avoided. Noted is that the roughness is much smaller than the
film thickness in all cases: all surfaces are quite smooth.
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Figure 2.10. Thickness (A) and root-mean-square roughness (B) of PECA films obtained
from APDMES-modified silicon wafers under different system pressures with monomer
at 35 °C for 20 minutes.
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2.4.5 Vapor deposition of PF.CA on tris-TMSCI modHleri silicon wafers
Tris(trimcthylsiloxy)silylchlorosilane has a large cross section compared with the
aminosilanes used in this work. The tris(trimethyisiloxy)silyl groups cover the silicon
wafer surface,'' leaving holes containing free silanols (eq.2). These free silanols can be
further reacted with smaller silanes in a secondary modification. In this study, 3-
aminopropyldimethylethoxysilane (APDMES) was used as the small molecule silane to
prepare tris-TMSCl/APDMES surfaces. The amino group on the surface can be used to
initiate the polymerization of ethyl 2-cyanoacrylate.
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Figure 2.11. Vapor deposition of PECA on APDMES/ tris(trimetiiylsiloxy)silyl-
chlorosilane (tris-TMSCl) modified silicon wafer.
Figure 2.1 1 shows the strategy of using binary silane-modified substrates to grow
poly(ethyl 2-cyanoacrylate). Table 2.3 show the increase of contact angle of the tris-
TMSCl modified surfaces with reaction time; the root-mean-square roughness increases
and then decreases. The water contact angle increases with more tris(trimethylsiloxy)silyl
groups and fewer silanol groups on the silicon wafer surface.
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Table 2.3. Water contact angles and root-mean-square roughness (Rq) of the sihcon
wafers modified by tris(trimethylsiloxy)chlorosilane for different periods of time.
lime Rq
(h) n (nm)
0 Spread 0.35
1 70/59 0.285
5 72/58 0.291
18 73/63 0.329
31 83/70 0.187
46 84/75 0.989
70 90/75 0.849
100 89/74 0.285
120 98/79 0.122
Table 2.4. Water contact angles and Rq of silicon wafers treated with tris-TMSCl for
different periods of time followed by 24 hour-APDMES vapor phase reaction.
Time 9a/ Qr Rq
(h) n (nm)
0 70/41 0.56
1 74/61 0.175
5 75/60 0.148
18 81/63 0.297
31 84/67 0.217
46 87/66 1.024
70 83/73 2.472
100 90/67 0.458
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Figure 2.12. Nitrogen concentration on the surfaces of silicon wafers treated with tris-
TMSCl for different periods of time followed by 24 hour-APDMES vapor phase reaction
(XPS 15° take off angle).
The advancing and receding contact angles of the APDMES/tris-TMSCl treated
surfaces are lower than those for the tris-TMSCl surface, due to the presence of-NH2
groups (Compare Table 2.3 and 2.4). Figure 2.12 shows the nitrogen concentration on the
APDMES/tris-TMSCl surfaces determined using XPS at 15° take off angle data. Nitrogen
concentration is lower for surfaces treated with tris-TMSCl for longer times (fewer
silanols are present for reaction with APDMES).
The APDMES/tris-TMSCl modified substrates were used for poly(ethyl 2-
cyanoacrylate) deposition. Substrates were exposed to the vapor ofECA at 35 °C at a
system pressure of 400 mm Hg, and the deposition was allowed to proceed for 2 hours.
The thickness of the PECA films on the APDMES/tris-TMSCl - modified silicon wafer
decreased with the increasing tris-TMSCl reaction time (Figure 2.13). There are fewer
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amino groups on the surface to initiate the polymerization of ECA compared with a short
time tris-TMSCl treated surface. As shown in Figure 2.14, contact angles of the PECA
surfaces prepared on the APDMES/tris-TMSCl substrates were different than the PECA
thin film itself (72753°); the advancing contact angles were a little bit higher and the
receding contact angles were a little bit lower, which may be caused by greater surface
roughness. PECA film surfaces prepared from these binary modified surfaces were all
rougher than those prepared from APDMES alone treated silicon wafers. Figure 2.15
shows AFM images of the PECA films obtained from different silicon wafers with
different ratios of APDMES/tris-TMSCl.
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Figure 2.13. Thickness of PECA films after 2-hour deposition at 35 °C, 400 mm Hg on
silicon wafers treated with tris-TMSCl for different periods of time followed by 24 hour-
APDMES vapor phase reaction.
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Figure 2.14. Advancing () and receding () contact angles of PECA films formed on
silicon wafers treated with tris-TMSCl for different periods of time followed by 24 hour-
APDMES vapor phase reaction.
The PECA films on APDMES/tris-TMSCl-treated silicon wafers were extracted
with toluene (Soxhlet) to remove non-covalently attached polymer from the surface,
toluene is not a good solvent for PECA. This step removed some of the self-polymerized
(or physically adsorbed) PECA polymer from the surface. Figure 2.16 shows AFM
images ofPECA films obtained from different silicon wafers after toluene extraction, the
white spots on the patterned surfaces are the polymer clusters. Figure 2.17 shows 3-D
AFM images of those films on different silicon wafers after toluene extraction. The
thickness change of the PECA film on the APDMES/tris-TMSCl treated silicon wafers
after the toluene extraction is shown in Figure 2. 1 8. The water contact angle data (Figure
2. 1 9) indicates that the receding contact angles were much higher than those before
extraction (Figure 2.14) due to the increased roughness (Figure 2.20).
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Figure 2.15. AFM images of the PECA films deposited at 35 "C, 400 mm Hg for 2 hours
on siHcon wafers treated by tris-TMSCl for: 1. 0 h; 2. 1 hour; 3. 5 hours; 4. 18 hours; 5.
31 hours; 6. 46 hours; 7. 70 hours; 8. 100 hours followed by 24-hour APDMES vapor
reaction.
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Figure 2.16. AFM images of toluene extracted PECA films which were deposited at 35
°C, 400 mm Hg for 2 hours on silicon wafers treated by tris-TMSCl for: 1. 0 h; 2. 1 hour;
3. 5 hours; 4. 18 hours; 5. 31 hours; 6. 46 hours; 7. 70 hours; 8. 100 hours followed by
24-hour APDMES vapor reaction.
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Figure 2.17. AFM 3-D images of toluene extracted PECA films obtained from vapor
deposition at 35 °C, 400 mm Hg for 2 hours on silicon wafers treated by tris-TMSCl for:
1. 0 h; 2. 1 hour; 3. 5 hours; 4. 18 hours; 5. 31 hours; 6. 46 hours; 7. 70 hours; 8. 100
hours followed by 24-hour APDMES vapor reaction.
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Figure 2.18. Thickness of PECA films formed on APDMES/tris-TMSCl treated silicon
before () and after (•) toluene extraction.
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Figure 2. 19. Advancing and receding contact angles of the PECA films formed on
APDMES/tris-TMSCl binary amine-treated silicon after toluene extraction.
40
Tris-TMSCI reaction time (h)
Figure 2.20. Root-mean-square roughness of PECA films on APDMES/tris-TMSCl
treated surfaced before () and after (•) toluene extraction.
2A6 ECA polymerization on patterned surfaces
The silicon mold which was used to make PDMS stamps consisted of an array of
2 |im X 2 i^m X 100 |im (length x width x height) silicon posts. Figure 2.21 (a) shows an
optical image of the mold with 2 )im x 2 )im x 100 ^m silicon posts. Figure 2.21 (b)
shows an optical image of the stamp which was presumed to have corresponding 2 |im x
2 |im X 100 |im (length x width x depth) holes.
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Figure 2.21. Optical images of: A. original silicon mold; B. negative PDMS stamp,
Figure 2.22 shows AFM images of a silicon wafer printed with (N,N-diethyl-3-
aminopropyl)trimethoxysilane before it was exposed to the vapor of ECA. The height
image is not sharp, the silane thickness on the silicon wafer is around 2 nm; the phase
image on the right apparently shows the pattern of the negative PDMS stamp. The
original silicon posts are squares, while the negative PDMS stamp has hexagonal holes,
this change is due to the defects of those silicon posts. The images of the top of those
posts showed squares, but the cross section of the posts is evidently not square along their
length, and especially at their base.
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Figure 2.22. AFM images of the silicon wafer printed with (N,N-diethyl-3-aminopropyl)-
trimethoxysilane.
Figure 2.23 shows AFM images of the surface of poly(ethyl 2-cyanoacrylate) thin
film grown from the silicon wafer at 35 °C for 8 minutes with patterned initiators, the
height image is much different from the one in Figure 2.22, and the phase image on the
right is also very sharp. The polymer pattern on the silicon wafer forms because of the
different deposition rates on sites with and without initiators. An analysis of the height
image is shown in Figure 2.24, the thickness of PECA film at sites with most initiators is
about 16 nm, and the PECA deposition is much slower at sites with deficient initiator.
Better control of this patterned growth could be obtained if the negative stamp is more
precisely made. The "ink" transfer process also needs to conducted more carefully.
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Figure 2.23. AVM image of the PECA film grown from the sihcon wafer printed with the
solution of 0.035 M (N,N-diethyl-3-amino|)ropyl)trimethoxysihme in ethanol.
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2.5 Conclusions
Vapor deposition of poly(ethyl 2-cyanoacrylate) thin films on silicon wafers has
been studied. The thickness and roughness of the films could be controlled. By using
different aminosilanes and small molecule amines, silicon wafer surfaces can be modified
to different initiating templates, which can control the roughness of PECA films. By
changing the vapor pressure of the monomer inside of the reaction vessel via tuning the
system pressure and monomer temperature, the growth of the polymer film can be
controlled. Vapor deposition time is another "knob" we can use to control the deposition.
This method shows promise as a way of controlling topography by polymerizing from
patterned surfaces.
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CHAPTER 3
METAL DEPOSITION IN THIN POLYMER FILMS
3,1 Introduction
Photonic crystals are structures with a periodic refractive index in one or more
dimensions over length scales on the order of the wavelength of light; they are optically
equivalent to electronic semiconductors'. One dimensional photonic crystals, which
consist of a stack of alternating high and low refractive index layers, can be formed by
thermal evaporation,^ spin-coating,^ or sol-gel chemistry.'*'^ Multilayered structures of
alternating nanometer thick layers for electronic and photonic applications can be
fabricated by various techniques, including the Langmuir-Blodgett method,^ sol-gel
synthesis,^ electrochemical deposition,^ and chemical vapor deposition.^ A promising
alternative for assembling soft materials for photonic crystals is layer-by-layer assembly,
where a polycation and polyanion are alternatively adsorbed from aqueous solution onto
a substrate.
A very useful strategy to tune the refractive index of materials is to synthesize
polymer/metal nanocomposites.''"'^ The stabilization of the nanoparticles is very
1 3- ! 5
important for preventing them from aggregation; examples using surfactants " and
polymers'^"'^ have been reported. Diblock copolymers, which form various highly
ordered morphologies have been employed to selectively localize metal nanoparticles in
one of the phases. '^"^^ This in principle enables the creation of a periodic spatial
28
arrangement of the particles in a polymer matrix. Metal vaporization techniques as well
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as sonochemical preparation methods'^'^^ have been described for a wide range of metals.
Researchers have employed self-assembled colloids^'-^^ and microphase-separated block
copolymers to form photonic crystals.^'*
A simple, direct and versatile method for the synthesis of polymer/metal
composites consisting of isolated metal nanoclusters distributed homogeneously
throughout polymeric substrates has been studied by McCarthy et. al.^^"" Organometallic
precursors were dissolved in supercritical carbon dioxide (scCOz) (Figure 3.1) and
infused into solid polymers; metal particles were trapped inside the solid polymer after
the precursor was reduced (Figure 3.2). Advantages of using supercritical CO2 include: 1)
it can dramatically reduce the glass transition temperature (Tg) of polymer materials^^
(i.e., plasticization), even at modest pressures, 2) it increases diffusion rates of penetrants
in solid polymer materials, 3) its solvent strength can be tuned by changing temperature
and pressure, 4) it is a gas at atmospheric pressure, so that it can be removed, simply by
reducing pressure, 5) it is a "green" solvent, 6) the interaction of SCCO2 with solid
polymers has been studied in detail,^'"*^ 7) CO2 is a poor solvent for most polymers,'^'^
except amorphous fluoropolymers and silicones, but the solubility of CO2 in many
polymers is substantial.
In this chapter, metal deposition in poly(ethyl 2-cyanoacrylate) thin films via
supercritical carbon dioxide is described. (l,5-Cyclooctadiene)dimethylplatinum(n)
[C0DPtMe2] was chosen as the organometallic precursor for platinum deposition, due to
its properties in SCCO2: 1) C0DPtMe2 is soluble in SCCO2, 2) high-purity Pt can be
obtained in the presence of Hz,"*^'^^ 3) SCCO2 is misible with H2,^° 4) detailed information
about this precursor in SCCO2 was available.^'"" Deposition of Ni and Ag in PECA films
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was also studied. As shown in Figure 3.3, (1,5-cyclooctadiene)-
(hexafluoroacetylacetonato)silver (I) and bis(cyclopentadienyl)nickel were used as
precursors.
Supercritical
Fluid
Region
Liquid /
Solid
Gas
Temperature
Figure 3.1. Phase diagram of carbon dioxide, critical point: 31.1 "C, 1071.3 psi
reduce
decompress
Figure 3.2. Metal deposition in solid polymer via supercritical fluid (SCF),
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Figure 3.3. Organometallics used in metal deposition in PECA films via SCCO2.
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3.2 Experimental Section
3.2.1 Materials
( 1 ,5-Cyclooctadiene)-(hexafluoroacetylacetonato)silver(I) [(COD)Ag(hfac)],
bis(cyclopentadienyl)nickel,(l,5-cyclooctadiene)dimethylplatinum(Il) [(C0D)PtMe2],
[2,2]paracyclophane, propylene oxide, tin tetrachloride, and ethanol were purchased from
Aldrich and used without further purification; dichloromethane and toluene were
purchased from Aldrich and stored in a container over molecular sieves after distillation
under N2. Pyridine was purchased from Aldrich and distilled before used. Ethyl 2-
cyanoacrylate was obtained from Loctite and used without ftirther purification; (N,N-
diethyl-3-aminopropyl)trimethoxysilane was purchased from Gelest and used without
further purification. 99.99% Carbon dioxide and pre-purified hydrogen were purchased
from Merriam Graves, and were pressurized to certain values by an ISCO motorized
syringe pump.
3.2.2 Methods
Transmission electron microscopy (JEOL 2000FX) (TEM) was used to
characterize the metal particles deposited in polymer films. TEM samples were
embedded in an epoxy resin and microtomed into ~ 50 nm thick films. X-ray
photoelectron spectroscopy (XPS) was performed on a Physical Electronics Quantum
2000. Spectra were taken at three take-off angles, 15°, 45° and 75° (between the plane of
the surface and the entrance lens of the detector optics). Wide angle X-ray diffraction was
performed on a Siemens D500 diffractometer.
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3.2.3 Synthesis of PECA film^
Silicon wafers treated with (N,N-diethyl-3-aminopropyl)trimethoxysilanc solution
in toluene were exposed to the vapor ofethyl 2-eyanoacrylatc for a certain period of time.
PECA film formed on the substrate was used in the metal deposition via supercritical
CO2. Free standing PFXA films can be obtained from vapor deposition on pyridine-
treated silicon wafer. The details of this procedure are described in Chapter 2.
3.2.4 Synthesis of nolv(nara-xvlvlene) thin films
Detailed information about the synthesis of poly(para-xylylene) (PPX) has been
described.'^'*'^'^ Poly(/?-xylylene) has very good electric and dielectric properties, excellent
chemical resistance, and thermostability. Conformal coatings can be obtained by using
vapor deposition polymerization. As shown in Figure 3.4, the para-xylylene dimer
[2,2Jparacyclophane was sublimed at 80 T and the vapor passed through a 600 T
furnace, forming a conjugated olefin after the cleavage of two - CH2-CH2- bonds. The
polymerization of monomer occurred on the substrate in the deposition chamber which
was surrounded by a cold water jacket; normally the temperature was lower than 30 "C.
System pressure was maintained at 35 ~ 45 mTorr with a vacuum pump. PPX thin films
deposited on silicon wafers were used as templates for multi-layer PPX-PECA thin film
synthesis.
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Figure 3.4. Vapor deposition of poly(p-xylyene).
3.2>5 Surface modification of PPX film
To prepare PPX-PECA multi-layer polymer thin films, the PPX surface needed to
be modified. In this study, tertiary amine functionality was introduced to the PPX surface
(Figure 3.5). PPX on a supported silicon wafer was placed in a Schlenk tube which was
sealed and purged with nitrogen for 20 minutes. SnCU in anhydrous dichloromethane that
was chilled in an ice-water bath was introduced into the Schlenk tube via cannula and
allowed to soak the PPX film at 0 T for 2 hours. Propylene oxide (in equal molar ratio)
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in anhydrous dichloromclhanc was also cooled in ice-water and added to the Schlenk
tube drop-wise with sliiring over 5 minutes. The Schlenk tube was left in ice-water for 12
hours, the liquid was removed via cannula, and the PPX sample was then washed in the
Schlenk tube with anhydrous dichloromethane three times. Each time the liquid was
introduced and removed via cannula. After removal from the Schlenk tube, the PPX film
was rinsed with ethanol and then water, and vacuum dried.
>—
-i i— ^ —* ^
SnCl,
W*X PPX-OH PPX-N(C2n5)2
Figure 3.5. Surface modification of poly(/7-xylyene) thin film.
After the Friedel-Crafts reaction, PPX films containing alcohol functionality
were immersed in a solution of 0.02 M (N,N-diethyl-3-aminopropyl)trimethoxysilanc in
anhydrous toluene under nitrogen in a Schlenk tube. The reaction vessel was maintained
in a 70 "C oil bath for 3 days. After removal from the Schlenk tube, the PPX films were
rinsed with toluene, dichloromethane, ethanol, 1:1 ethanol : water (v/v), and water in this
order, and then vacuum dried.
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3.2.6 Multilayer polymer thin films
PPX films with tertiary amine functionality were exposed to the yapor of ethyl 2-
cyanoacrylate for different periods of time to form PECA layers with different
thicknesses. If the synthesis of the multilayer film was begun from a PECA film, the
PECA film sample was placed in the PPX deposition .chamber for different periods of
time depending on the thickness requirement.
3.2.7 Pt deposition in polymer thin films
1 cm X 1 cm PECA films and a certain amount of CODPtMc: were introduced
into a 1 5 mL high pressure stainless steel reaction vessel, which was placed in a 40 °C
water bath to equilibrate temperature. The vessel was then pressurized with 40 "C, 1 500
psi CO2. The reaction vessel was then placed in an 80 °C oil bath for 8 hours, and then
cooled to 40 "C in a water bath. 3000 psi H2 was introduced into the vessel, which was
placed back in the 80 °C oil bath for another 1 hour. CO2 was released after the vessel
was slowly allowed to cool to room temperature. The thin film samples were isolated and
placed under vacuum overnight. The reduction of the precursor by hydrogen with no CO2
in the reaction vessel was also carried out: 3000 psi H2 was introduced into the vessel
after it was depressurized and the reaction vessel was placed in the 80 "C oil bath for
another 1 hour. TEM was used to characterize the platinum particles in polymer films.
The effects of the concentration of the precursor and the temperature of the oil bath on
the final particle size were also investigated. Platinum deposition was also applied to the
PPX-PECA-PPX and PECA-PPX-PECA multilayer polymer thin films.
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3.2.8 Ag and Ni deposition in PECA thin films
Ag and Ni depositions in PECA thin films were also studied, (1,5-
cyclooctadiene)-(hexafluoroacetylacetonato)silver (I) [(COD)Ag(hfac)] and
bis(cyclopentadienyl)nickel were used. PECA films were cut into 1 cm x i cm, Ag was
deposited at 40 °C; Ni was deposited at 65 T. The 15. mL stainless steel reaction vessel
was originally pressurized with 1500 psi CO2 at 40 T.
3.3 Results and Discussion
3.3.1 Ft deposition in polv(ethvl 2-cvanoacrvlate^ thin films
Platinum particles of different size were prepared in PECA film by reducing
C0DPtMe2 with hydrogen in the presence of SCCO2. Figure 3.6 shows a TEM image of
the particles that range in size from several nanometers to 20 nm in diameter. The sample
shown is a 100 ^im thick PECA film after deposidon of CODPtMei and hydrogenation at
80 °C. Figure 3.7 shows the 45° take-off angle XPS spectrum of the surface of a Pt-
deposited PECA film, indicating the presence of platinum. Figure 3.8 shows the wide
angle X-ray diffraction spectrum; the d-spacing of the platinum crystal was determined to
be 2.25 A and 1.93 A using Bragg's law (eq.l). Particle size was affected by many
factors, including the pressure and temperature of CO2, as well as the concentration of
precursor. The density of the particles, which is affected by the nucleation rate, was
determined by the rate of thermal decomposition of C0DPtMe2. The growth of platinum
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clusters is autocatalytic (Figure 3.3) and the competition between nucleation and crystal-
growth determines the size and distribution of platinum particles.
20 nm
Figure 3.6. TEM image of Pt particles deposited in a 100 \im thick PECA film with 0.4
wt% C0DPtMe2 in a 15 mL reaction vessel at 80 °C (the reaction vessel was pressurized
with 1500 psi CO2 at40°C).
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Binding Energy (eV)
Figure 3.7. 45° take-off angle XPS spectrum of PECA film with platinum particles
deposited in a 100 |im thick PECA film with 0.4 wt% C0DPtMe2 in a 15 mL reaction
vessel at 80 °C (the reaction vessel was pressurized with 1500 psi CO2 at 40 °C).
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Figure 3.8. Wide angle X-ray diffraction for Pt particles deposited in a 100 jam thick
PECA film with 0.4 wt% C0DPtMe2 in a 15 mL reaction vessel at 80 °C (the reaction
vessel was pressurized with 1500 psi CO2 at 40 '^C).
Bragg's law: X = 2dhkisin0hki
d: lattice spacing
X: wavelength (1)
3.3.2 The effect of temperature on platinum particle size
The same size 5 |am thick films and same concentration (0.4 wt %) precursor were
used in platinum deposition carried out at different temperatures. The platinum particle
size in the PECA films is indicated in Figure 3.9. The density of the particles formed at
65 ^'C was higher than that of those formed at 40 °C, but the density of particles deposited
at 80 ""C was lower than at either of the other two temperatures. Instead, the particle size
was much larger. Nucleation was faster at higher temperatures, so particle density was
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higher at higher temperatures; and the growth rate of platinum crystals was also faster at
higher temperatures due to the further-swollen substrate, which resulted in higher
diffusion rates. At 80 °C, the polymer was swollen sufficiently so that the small crystals
aggregated.
Figure 3.9. TEM images of platinum particles deposited in a 5 nm thick PECA film with
0.4 wt% precursor at different temperatures (a) 40 °C (b) 65 °C (c) 80 °C (the reaction
vessel was pressurized with 1500 psi CO2 at 40 "C).
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3.3.3 The clfecl of precursor concenfi a tion on nhifiniim natiicle si/o
There is no apparcnl dilTcrcncc between the si/e ofparlicles in Figure 3.10 (a)
and (b). The preeursor eoneentration for (a) was 0.2 wl %, and for (b) was 0.4 wl %. The
eryslal growth was determined mainly by the dilTusion rale of the preeursor in polymer.
Iftherc was suHieient preeursor present at the same leniperalure and pressure, the same
partiele si/e was observed. Sinee nueleation depends on both temperature and the
eoneentration of preeursor, (b) was more eoneenlrated, and the image shows a higher
density of platinum parlieles.
100 nm
Figure 3.10. Pt deposition in a 5 |.uti thiek PFX'A lilm at 65 °C with (a) 20 mg (0.2 wt%)
(b) 40 mg (0.4 wt%) preeursor (the reaetion vessel was pressurized with 1 500 psi CO: at
40 "C)
3.3.4 Reduction wi(h and without carbon dioxide
The preeursor inside of the polymer lllm eould be redueed by Ht either with or
without the presenee ofearbon dioxide. When polymer was swollen by seCO:, preeursor
molecules diffused more rapidly in the polymer, and crystal growth would be expected to
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be faster. If CO2 was released before the introduction of hydrogen, the diffusion-
controlled crystal growth was hindered, and resulted in smaller crystal size. This is shown
in Figure 3. 11. The Pt crystal growth has been studied in detail by McCarthy et. al.^"'"
The autocatalytic reaction is a competition of nucleation and crystal growth; the
nucleation is controlled by the thermal decomposition and the concentration of the
precursor in the polymer substrate. When either the temperature or precursor
concentration is increased, the density of nuclei increases. The crystal growth is diffusion
controlled and becomes faster when the polymer is more highly swollen. So by changing
the temperature and pressure of CO2, as well as the concentration of precursor, we can
tune the density and the size of the platinum particles in polymer thin films.
Figure 3. 1 1 . Pt particles deposited in a 100 \im thick PECA film with 0.4 wt%
CODPtMe2 in a 15 mL reaction vessel at 80 °C (the reaction vessel was pressurized with
1 500 psi CO2 at 40 °C). Precursor was reduced (a) with SCCO2 (b) without SCCO2.
3.3.5 PPX surface modification
Tertiary amine groups were introduced to the surface of PPX film as described in
Figure 3.5. After the modification, the advancing water contact angle decreased from 88°
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to 65°, while the receding contact angle changed from 64" to 1 7". XPS data (Table 3.1)
show the presence ofnitrogen (2% at 15 degree lake off angle). Aminosilanes which
form multilayer films (see Chapter 2) could be used to increase nitrogen concentration;
this was not studied. The modiHed PPX film was used as the substrate for the vapor
deposition of PECA, and PECA-PPX-PECA multilayer thin films were obtained.
Table 3.1. Surface modification of PPX film.
Surface
15° take-off angle 75° take-off angle
O C 0 N CI Si C 0 N CI Si
PPX
PPX-N(Et)2
88/64
65/17
91.5
81.5
6.0
12.9 2.0 <.l
2.5
3.6
96.6 2.7 - - 0.7
88.1 8.9 0.8 0.1 2.0
3.3.6 Platinum deposition in PPX-PFXA multilayer thin films
PPX-PECA-PPX and PECA-PPX-PECA multilayer polymer thin films were used
as substrates for the Pt deposition just described. The reductions were carried out with 0.4
wt% CODPtMe2 at 80 "C in the presence of SCCO2. As shown in Figure 3.12, a 40-50 nm
thick PECA film sandwiched by two thick PPX layers forms a layer of platinum particles
in the PECA layers and no particles are observed in the PPX layer. The platinum particles
formed an apparently continuous layer in the thin PECA layer, which suggests that a
conducting layer between PPX thin films could be formed by this process. Figure 3.13
shows TEM micrographs of a 10 jim thick PPX film sandwiched by two ~ 300 nm thick
PECA films after platinum deposition. Again, no platinum particles are observed in the
PPX layer while the PECA layers are filled with platinum particles. The distribution of
platinum particles indicates the different properties of PECA and PPX. PECA contains
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both nitrile and ester groups, while the PPX chain has no functional groups. The PECA is
obviously more attractive to the platinum precursor molecule. Even if nuclei were formed
in the PPX layer, the PPX cannot contain the precursor during the reduction, and
molecules and fragments diffuse through the PPX and reach the PECA layer, where they
react/aggregate to form large particles. We cannot prove that nucleation does not occur in
the PPX phase, but if it does occur, the nuclei in PPX do not grow to particles or they
were too small to be seen in the TEM image.
100 nm
Figure 3 12 TEM image of Pt particles deposited in PPX-PECA-PPX (5 ^m-
^m) multilayer films with 0.4 wt% CODPtMez in a 15 mL reaction vessel at \
reaction vessel was pressurized with 1500 psi CO2 at 40 ''C).
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^
^^'^ b 400 nm
Figure 3.13. TI^M image ofPt particles deposiled in PECA-PPX-PBCA (400 nm-10 mn-
400 nm) multilayer films with 0.4 wt% CODPtMe. in a 1 5 mL reaction vessel at 80 °C
(the reaction vessel was pressurized with 1500 psi CO: at 40 T): a. PllCA-PPX-PIX^A at
low magnification; b. PPX'A layer at high magnification.
hM. Silver and nickel deposifion in i)olv(elhvl 2-cvanoacrvlate) thin films
Different precursors were also assessed in initial studies (see Figure 3.3). The
silver and nickel particles that formed were not distributed well in the PfX'A films. Silver
(Figure 3.14) and nickel deposition (Figure 3.15) did not produce homogeneous particles
and the depositions seemed discontinuous. Nickel only formed large clusters. I he
solubility of the Ag and Ni organometallic precursor in supercritical carbon dioxide was
not studied in this work; the VliM pictures indicate that at least part of the precursor was
dissolved in the SC'F and infused into the polymer lllm. Reactions of the silver and nickel
precursors with hydrogen seemed very fast (although this was not quantitated). Once the
hydrogen was introduced into the reaction vessel, nucleation may have occurred in the
lluid phase, where most of the reduction may have occurred. Precursor in the film may
have diffused into and reacted in the lluid phase. I'his may have caused few particles to
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form in the film. More work would be needed to solve the problem indicated by the TEM
pictures. Focus was directed toward the platinum precursor because reproducible and
controllable results were obtained.
100 nm
Figure 3.14. TEM image of Ag particles deposited in a 5 jxm thick PECA film with 0.4
wt% (COD)Ag(hfac) in a 15 mL reaction vessel at 40 °C (the reaction vessel was
pressurized with 1500 psi CO2 at 40 °C).
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200 nm
Figure 3.15. TEM image of nickel particles deposited in a 5 ^im thick PECA film with 0.4
wt% bis(cyclopentadienyl)nickel in a 15 mL reaction vessel at 80 °C (the reaction vessel
was pressurized with 1500 psi CO2 at 40 °C).
3.4 Conclusions
Platinum particles have been deposited in PECA films. The particle size could be
tuned by changing the pressure and temperature of CO2, as well as the concentration of
the organometallic precursor in the reaction vessel. The deposition of platinum in PPX-
PECA multilayer polymer thin films indicated that platinum particles preferentially
deposited in PECA, which has more polar functional groups. Alternating conducting
polymer layers with controllable thickness are suggested as future targets by using
platinum deposition in PPX/PECA multilayer films via supercritical carbon dioxide.
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CHAPTER 4
SURFACE MODIFICATION OF POLY(ETHYL 2-CYANOACRYLATE) FILM
4.1 Introducfinn
4.1.1 Surface modification of polymer films
Polymers are a diverse group of materials and possess microstructures with a wide
range of organic functional groups. This range of functionality possesses a
correspondingly wide range of reactivity. Polymer materials are used for many
applications in a host of technological areas, however, most of the conventional materials
do not meet the demands required for both their surface and bulk properties. The
modification of polymer surfaces is of increasing importance in technological
applications. " In problems involving polymer wettability, printability, permeability, or
biocompatibility, it is often useful to be able to have materials that retain a given
polymer's bulk but display different surface properties. The traditional general method for
overcoming these problems is to increase the surface energy by introducing polar
functional groups to the polymer surface."*
Surface treatment of polymers with the intense radiation of lasers has been shown
to be useful for surface modification and local dry etching of the polymers for
applications in optics, microelectronics and packing technologies.^"'^ A variety of
polymers, such as poly(methyl methacrylate) [PMMA], polyimide [PI], poly(ethylene
terephthalate) [PET], and polycarbonate [PC], can be photochemically etched by high
laser energy. Most of the etching studies have been performed using pulsed excimer UV
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lasers. Corona treatment mtroduces hydrophiHc species on the surface of PET, leading to
modified levels of adhesion and wettability for coating applications. '^-'^
Many factors should be considered during the surface modification, especially
when surface selectivity of the reaction needs to be controlled. The solid polymer will
interact with the reactive solution ranging from not being wet to being highly swollen; the
reagents may partition between the condensed phases to varying extents. Chemistry that
is developed to modify polymer materials can involve harsh reagents that often have little
selectivity in their chemistry.^ In these cases, surface selectivity is typically achieved by
using reagents that are too reactive to difftise into the polymer (a plasma treatment) or too
polar (Cr03-H2S04 with polyethylene) to difftise into the polymer and to modify bulk
polymer. It is very important to control the surface selectivity of modification reactions,
so that very thin layers (10-100 A) of reactive functionality can be introduced to
relatively thick (several micron) film samples. Surface-selective modifications have been
reported for poly(chlorotrifluoroethylene),'^ poly(vinyidene fluoride),
2
1
polypropylene, poly(tetrafluoroethylene-co-hexafluoropropylene)^^* and poly(ether
ether ketone).^^'^"* Each of these modification procedures involves a reaction at an
interface between the solid polymer film and a reactive solution that does not swell the
polymer.
4,1,2 Surface modification of polv(ethvl 2-cvanoacrvlate) film
Research on the surface modification of poly(ethyl 2-cyanoacrylate) thin film
began with an analysis of reactions of nitrile and ester groups; both of them can be
hydrolyzed, resulting in carboxylic acids as shown in Figure 4. 1 . Acid or base catalysis is
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necessary during the hydrolysis and heat is also needed for most of the reactions. But
polycyanoacrylates degrade in hot water, so hydrolysis cannot be applied to the surface
modification of poly(ethyl 2-cyanoacrylate) film.
R-CHN ^ I I
M H2O ^
R-^^OR- R-^-on + R'OH
Figure 4.1. Hydrolysis of nitriles and esters.
Nitrile groups and ester groups can be reduced by LiAlH4 (Figure 4.2); NaBH4
selectively reduces esters to alcohols, but does not reduce nitrile groups. LiAlH4 is a
harsh reagent and the PECA chain should contain primary amine groups and alcohols
after reduction with LiAlH^ (eq.l). Further reaction with the amino groups and hydroxyl
groups will provide the polymer with different functionalities. ^^ '^^ LiAlR^ in diethyl ether
was chosen as a target reducing reagent, because diethyl ether is a non-solvent for PECA,
In this chapter, research on the reduction of PECA will be described followed by
discussions of the product's reactivity with acyl chlorides, anhydrides and isocyanates.
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Figure 4.2. Reduction of nitriles and esters by LiAlR
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4.2 Experimental Section
4.2.1 Materials
98% Sulftiric acid, 1.0 M LiAlH4 in diethyl ether, 2.0 M (CH3)2S-BH3 in diethyl
ether, the acyl chlorides, anhydrides, and isocyanates used were purchased from Aldrich
and used as received. Anhydrous diethyl ether was purchased from Aldrich and stored in
a flask with molecular sieves for more than 3 days before use.
77
4.2.2 Methods
4.2.2.1 Reduction of PECA film by LiAlH4
PECA films used the research described in this chapter were obtained from vapor
deposition of PECA on (N,N-diethyl-3-aminopropyl)tnmethoxysilane-treated siHcon
wafers; the thickness was 100 nm. The PECA film was placed on a custom-made
sample holder m a Schlenk tube, which was sealed and then purged with nitrogen for 20
minutes. 1.0 M LiAlH4 m diethyl ether was transferred into the Schlenk tube via cannula
until the sample was immersed. The reaction was allowed to take place at room
temperature and was stopped by removing the LiAlH4 solution via cannula at different
times. The sample inside of the sealed Schlenk tube was then washed with 15 mL
anhydrous diethyl ether three times; each time the ether was introduced and removed via
cannula. After removal from the Schlenk tube, the sample was immersed in a 0.05 N
H2SO4 aqueous solution for 1 minute, and then rinsed with water and vacuum dried.
4.2.2.2 Vapor phase reaction of HFBC with LiAlH4-reduced PECA film
LiAlH4-reduced PECA films, which were treated with sulfuric acid solution, were
placed in a Schlenk tube which was sealed and purged with nitrogen for 20 minutes. 0.5
mL HFBC was introduced into the Schlenk tube via cannula; there was no direct contact
between the liquid and the samples. The Schlenk tube was placed in a 35 °C oil bath for
24 hours. After removal from the Schlenk tube, the PECA samples were placed under
vacuum overnight before any characterization.
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was
4.2.2.3 Further modification of LiAlHj-reduced PECA tllins
PECA films on silicon were reduced by 1 .0 M LiAlH4 in diethyl ether at room
temperature for different periods of time. The reducing agent was then removed via
cannula and the PECA samples were washed with anhydrous diethyl ether three times;
each time the ether was introduced and removed via cannula. A solution of 0.5 mL HFBC
in 1 0.0 mL anhydrous diethyl ether was introduced to the Schlenk tube via cannula to
immerse the sample. After 24 hours at room temperature, the HFBC solution
removed via cannula, and the samples were washed with 15 mL anhydrous diethyl ether
three times; each time, the ether was introduced and removed via cannula. After removal
from the Schlenk tube, the samples were immersed in a 0.05 N aqueous H2SO4 solution
for 1 minute, rinsed with water, and vacuum dried.
Other acyl chlorides, an anhydride and isocyanates (as shown in Figure 4.3) were
also used to react with 1 hour LiAlH4-reduced PECA films (that had not undergone
sulfuric acid treatment). The reaction conditions were the same as described above for the
HFBC solution reaction. The concentration of these reagents was ~ 5 wt% in diethyl
ether and the reactions were stopped after 24 hours.
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1 6 CF3CF2CF2C-CI
2 CH3CH2CH2C-CI 7
O O
II II
C-0-C-CH3
5 KO>-c-ci
*
o
3 CH3(CH2)6C-C1
F F
8 <^>-N=C=0
O
4 CH3(CH2)ioC-Cl 9 0=C=N-(CH2)8N=C=0
Figure 4.3. Structures of chemicals used in the modification of PECA: 1. acetyl chloride;
2. butyryl chloride; 3. octanoyl chloride; 4. dodecanoyl chloride; 5. pentafluorobenzoyl
'
chloride; 6. heptafluorobutyryl chloride; 7. acetic anhydride; 8. phenyl isocyanate; 9. 1,
8-diisocyanatooctane.
4.2.2.4 PECA reduction with BH3 in diethyl ether at room temperature
The PECA film on silicon was placed on a custom-made sample holder in a
Schlenk tube, which was then sealed and purged with nitrogen for 20 minutes. 2.0 M
(CH3)2S-BH3 in diethyl ether was introduced into the Schlenk tube via cannula until the
sample was immersed. The reaction took place at room temperature and was stopped by
removing the (CH3)2S BH3 solution via cannula. The sample inside of the sealed Schlenk
tube was then washed with 1 5 mL anhydrous diethyl ether three times; each time the
ether was introduced and removed via cannula. After removal from the Schlenk tube, the
samples were rinsed with water and vacuum dried.
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4.2.2.5 Modification of BHa-reduced PECA
Heptafluorobutyryl chloride (HFBC), acetyl chloride, pentafluorobenzoyl
chloride, and octanoyl chloride were used to react with 2 hour - BHs-reduced PECA
films. Vapor phase reactions were applied with acetyl chloride and HFBC at 35 T. The
BH3-reduced PECA films were placed in a Schlenk tube which was sealed and purged
with nitrogen for 20 minutes. 0.5 mL reaction agent was introduced into the Schlenk tube
via cannula, samples were taken out of the Schlenk tube after 3 days, and then placed
under vacuum overnight. The reaction of octanoyl chloride or pentafluorobenzoyl
chloride with BHs-reduced PECA film was conducted in diethyl ether solution at room
temperature for 3 days. A solution of 5 wt% reagent in diethyl ether was introduced to a
Schlenk tube with the reduced PECA films via cannula. After 3 days, the reaction
solution was removed via cannula and the samples were washed with 15 mL anhydrous
diethyl ether three times; each time the ether was introduced and removed via cannula.
Samples were then dried under vacuum. The film surfaces were characterized with
ellipsometry, contact angle measurements, AFM, and XPS.
4.3 Results and Discussion
4.3.1 PECA reduced by LiAlHj in diethyl ether
1.0 M LiAlH4 in diethyl ether was used to reduce PECA films. The advancing
contact angle changed from 73° to 70° in 6 hours, while the receding contact angle
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changed from ST to 21^ The contact angles remained 7072 r after 6 hour of reduction,
which suggested a completion of the reaction (Table 4.1).
.1. Water contact angles of PECA films reduced by LiAIH4.
Reduction time 6a/6r
(h) n
0 73/53
1 71/24
3 69/23
6 70/21
12 70/21
24 70/21
Figure 4.4 shows AFM images of the PECA film surface before the reduction
took place. Figures 4.5 to 4.9 show AFM images of PECA films reduced by 1 .0 M
LiAlH4 for 1 hour, 3 hours, 6 hours, 12 hours, and 24 hours, respectively. Figure 4.10
indicates the change of the root-mean-square roughness of these reduced PECA films.
The 1 hour-reduced film (Rq = 1.89 nm) was smoother than the original film (Rq = 2.78
nm) due to the removal of the top layer. Film roughness increased with reducing time ( >
1 hour); pin holes (Figure 4.8, 12-hour reduction) and islands (Figure 4.9, 24-hour
reduction) formed on the surfaces prepared with longer reaction times. After the reaction,
-CN was reduced to -CH2NH2, -COOC2H5 was reduced to -CH2OH; poly(ethyl 2-
cyanoacrylate), a water-insoluble polymer became water soluble.
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The surface of the polymer film was always covered with a layer of AI2O3 after
reduction with LiAIH4. Aqueous H2SO4 solution was used to remove the inorganic
particles. The PECA films became thinner after the reduction reaction and the thickness
change of the reduced film increased with reducing time (Table 4.2). PECA at greater
depths into the film was affected at longer reducing time, and the film surface became
rougher (Figure 4.10).
Figure 4.4. AFM images of PECA film before reduction.
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12.0
Figure 4.5. AFM images of PECA film reduced by LiAlH4 for 1 hour.
0 2.00 pm 0 2.00 pm
Figure 4.6. AFM images of PECA film reduced by LiAIH4 for 3 hours.
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15.0 nm
7.5 nm
0.0 nm
2.00 |jm 0 2.00 pm
Figure 4.7. AFM images of PECA film reduced by LiAlH4 for 6 hours.
25.0 nm
12.5 nm
0.0 nm
2.00 pm 0 .00 |jm
Figure 4.8. AFM images of PECA film reduced by LiAlH4 for 12 hours.
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2.00 pm 0 2.00 Mm
Figure 4.9. AFM images of PECA film reduced by LiAlH4 for 24 hours.
Table 4.2. The thickness change of the PECA films after LiAlH4 reduction.
Reduction time Thickness change
(h) (nm)
1 9.7
3 15.4
6 16.2
12 22.2
24 16.5
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Reducing time (h)
40 50
Figure 4. 1 0. Root-mean-square roughness of LiAlH4-reduced PECA films.
4-3.2 Vapor reaction of HFBC with LiAIH .-reduced PECA films
Heptafluorobutyryl chloride (HFBC) was used to label the -NH2 and -OH groups
on the PECA films reduced by LiAlH4 for different periods of time. Water contact angles
of the HFBC-modified surfaces didn't change significantly with reducing time (Table
4.3); the fluorine concentration (determined by XPS data, Table 4.4) was lower than 5%
at both 15° and 75° take off angles for all the HFBC modified surfaces, which confirmed
the loss of the top reduced layer after sulfuric acid treatment. So that the reduced layer
could be prevented fi-om being removed by the H2SO4 aqueous solution, the strategy
adopted was to modify the reduced layer with acyl chlorides and other reagents before the
AI2O3 was washed off.
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Table 4.3. Water contact angles of the LiAlH4-reduced PECA modif.catication with HFBC.
Reduction time Qa/Qr
(h)
^ 75/41
^ 78/38
^
• 76/4
1
'2 77/37
24 93/34
Table 4.4. XPS data of LiAlH4-reduced PECA after modification with HFBC.
Reduction time 15° take-
-off angle 75 ° take- off angl e
(h) C N 0 F C N 0 F
1 67.1 8.8 21.8 2.3 67.6 9.3 21.4 1.7
3 65.3 9.7 22.4 2.5 64.9 10.6 23 1.5
6 65.9 9.1 22 3 66.2 10.1 22.8 0.9
12 66.2 9.5 20.3 4 66.7 10 21.4 1.9
24 75.5 6.4 15.7 2.5 71.7 7.9 18.8 1.6
4.3.3 Solution reaction of HFBC with LiAlHi-reduced PECA films
Modification of LiAlH4-reduced PECA with HFBC in solution was attempted to
test whether the PECA layer could be prevented fi-om being washed-off by sulfuric acid
solution. Fluorine is easily detected by XPS, and the yield of the surface reactions could
easily be estimated. Figure 4.1 1 shows AFM images of the LiAlH4-reduced PECA films
after the modification with HFBC. Holes formed on the 12-hour reduced surface and the
root-mean-square roughness of the film increased with LiAlH4 reducing time. With
longer reducing time, the reduced polymer layer was thicker. HFBC reacted only with the
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uppermost surface under the AW, layer, and the deeper regions were not fully protected
by the HFBC layer during removal of the alumina with H2SO4. As shown in Table 4.5.
F% decreased with reduction time, which indicated that thicker reduced layer was more
easily affected by the acid used to remove AI2O3.
1-hour reduced PECA film was chosen to study further surface modifications due
to the low surface roughness and the significant reaction yield after modification with
HFBC (Table 4.5). The same procedure was used for the other reagents, PECA was
reduced in the Schlenk tube by LiAIH4 and reacted with acyl chlorides and an anhydride,
as well as isocyanates, in the presence of AI2O3. H2SO4 solution was used after the
modification was finished. Figure 4. 12 shows AFM images of the 1 hour LiAlHj-reduced
PECA modified with different acyl chlorides with different alkyl chains. The root-mean-
square roughness decreased with the chain length of the alkyl chain (Table 4.6); dodecyl
chloride - modified PECA was the smoothest film, due to better leveling allowed by the
long alkyl chain.
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.00
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Figure 4.1 1. AFM images of HFBC-modified (in solution) PECA film which was
reduced by LiAlH4 for different periods of time: 1. 1 hour; 2. 2 hours; 3. 6 hours; 4. 12
hours.
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Table 4.5. XPS data and root-mean-square roughness of LiAlH4-reduced PECA surface
modified with HFBC.
Reduction time
(h)
T
2
6
12
Rq
(nm)
2.656
2.819
3.202
5.076
15° take-off angle
c 0 N
47.9 14.3 ~Ts
50.6 16.5 9.2
58.7 20.7 6.9
63.5 18.8 6.0
F
3ao
75° take-off angle
O N
51.0 17.0
19.523.7 57.1
13.8 62.3 20.1
11.7 64.8 19.2
8.2 23.8
9.0 14.3
8.8
8.4
8.9
7.6
Table 4.6. Root-mean-square roughness (Rq) of the 1 hour LiAlH4-reduced PECA
modified with acyl chlorides.
Acyl chlorides
Rq
(nm)
Acetyl chloride 2.749
Butyryl chloride 2.583
Octanoyl chloride 2.040
Dodecyl chloride 1,931
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Figure 4.12. AFM images of the 1 hour LiAlH4-reduced PECA surface modified with
acyl chlorides in diethyl ether for 24 hours at room temperature: 1. acetyl chloride; 2.
butyryl chloride; 3. octanoyl chloride; 4. dodecyl chloride.
Table 4.7 shows the water contact angles of the PECA films modified with acyl
chlorides. The advancing contact angle increased with the length of alkyl chain, but the
receding contact angles remained very low. The acyl chlorides reacted with the top
surface of the reduced layer, while the deeper layer was not affected, so when water
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contact angles were measured, water diffused into the lower layer and pinned the surface
water droplet when receding contact angle was measured.
Table 4.7. XPS data and water contact angles of the PECA film modified with acyl
chlorides, an anhydride and isocyanates.
oUITaCCS
15° take-off angle 75° take-off angle
(°) N 0 F CI C N 0 F CI
PECA 72/53 Oo.U 9.6 22.4 66.5 10.4 23.0
PECA-lh LiAlHt 66/12 69.5 10.5 20.1 66 9 10 7X.\J % 1 22 4
Acetyl-Cl 64/14 67.1 10.6 22.3 <.l 67.1 10.4 22.3 0.1
Butyryl-Cl 76/13 72.5 8.5 19.1 <.l 70.3 9.6 20.1 <.l
Octanoyl-Cl 84/11 70.9 7.9 20.3 0.9 70.5 9.0 19.9 0.6
Dodecanoyl-Cl 86/10 71.1 6.8 22.1 70.5 8.4 21.1
Pentafluorobenzoyl-Cl 66/10 68.9 9.0 18.0 4.1 65.9 10.5 20.3 3.3
HFBC 92/16 47.9 7.8 14.3 30.0 51.0 8.2 17.0 23.8
Acetic anhydride 65/11 67.5 10.5 22.1 66.1 10.7 23.2
Phenyl isocyanate 63/18 70.2 10.6 19.3 67.8 11.2 21.0
1 ,8-diisocyanatooctane 61/11 67.5 12.3 20.2 66.2 13.1 20.7
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Figure 4.13. AFM images of the 1 hour LiAlH4-reduced PECA film modified with
1,8 diisocyanatooctane (Rq = 2.103 nm).
Figure 4.14. AFM images of the 1 hour LiAlHt-reduced PECA film modified with
acetic anhydride (Rq = 5.075 nm).
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Figure 4.13, 4.14, and 4.15 show AFM images of PECA films modified with 1.8-
diisocyanatooctane, acetic anhydride, and phenylisocyanate, respectively.
2.00 pm 0
.00 pm
Figure 4.15. AFM images of the 1 hour LiAlH4-reduced PECA film modified with
phenylisocyanate (Rq = 3.40 Inm).
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Figure 4.16. 15° take-off angle XPS-C peaks of different PECA surfaces: 1. PECA; 2. 1
hour LiAlH4-reduced PECA; 3. acetyl chloride; 4. dodecanoyl chloride; 5. HFBC; 6.
acetic anhydride; 7. 1,8-diisocyanatooctane modified PECA.
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Figure 4.16 shows the 15° take-off angle XPS carbon spectra of the PECA film
surfaces modified with different reagents. Carbon peaks at 293.7, 291
.4, 288.9, 285.7 and
284.6 eV correspond to
-CF3,
-CF,,
-C=0,
-CN (or CH^NH,), and
-(CH,)n- (or PECA
backbone) respectively. 1 hour LiAlH4-reduced PECA (2) has relatively lower intensity
carbonyl and nitrile signals and higher intensity for the backbone carbon peak compared
with the unmodified PECA surface (1); for acetyl chloride (3) and acetic anhydride (6)-
modified PECA surfaces, the carbon signals at 288.9 and 285.7 eV are broader than those
for the unmodified PECA due to the addition of acetyl group; the dodecanoyl chloride
modified surface (4) does not show peaks at 288.9 or 285.7 eV, and the C peak shifts to
284.6 eV, which indicates the presence of-(CH2)n-. This indicates that the reation yield
was significant. The HFBC-modified surface (5) shows C peaks at 293.7 and 291.4 eV,
due to -CF3 and -CF2, respectively; the carbonyl carbon peak at 288.9 eV is hard to see;
for the 1,8-diisocyanatooctane (7) - modified PECA surface, the intensity of the peak at
284.6 eV is increased, which confirms the presence of- (CH2)8 and the carbonyl carbon
peak is very broad due to the formation of amide groups on the surface.
4.3.4 Reduction of PECA film by BH^ in diethyl ether
AI2O3 always formed on the surface ofPECA films when was LiAlH4 used as the
reducing agent. It could be moved by aqueous H2SO4 solution, but this affected the
reduced polymer layer. (CH3)2S-BH3 in diethyl ether was tried in an effort to reduce
PECA film (eq.2) and fiirther modification was also investigated.
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H CN
i In BH3 ?
cp^H,
Since no acid or base was involved in the reduction, more reduced chains were
anticipated to be left on the surface after rinsed with water. Figure 4.17 shows AFM
images of PECA films after treatment with BHa/ether for different periods of time; the 2
hour reduced-PECA film was the smoothest. Water contact angles, as shown in Table
4.8, decreased with reducing time, but after 2 hours, the advancing and receding contact
angles didn't change much. Vapor phase reaction of HFBC with BHs-reduced PECA was
used to label the primary amine and alcohol groups on the film surface. Reduction is not
complete in 10 minutes as indicated by the fact that the receding water contact angle only
increased T after HFBC modification. For samples reduced for longer than 1 hour, the
advancing contact angle of the HFBC-modified surface increased by about 40^ while the
receding contact angles maintained almost the same value. HFBC only reacted with the
top surface and the sub-surface reduced PECA layer was hydrophilic due to the diffusion
of the reducing reagent, which resulted in very low receding contact angles. Table 4.8
indicates that 2 hour-reduced PECA film was the smoothest surface, likely due to the fact
that the top layer of the film was removed due to the reduction. When more polymer was
etched, the surface became rougher.
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Figure 4.17. AFM images of PECA films reduced by BH3 for: 1. 10 minutes; 2. 1 hour; 3.
2 hours; 4. 6 hours; 5. 20 hours; 6. 44 hours.
I
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I
.Thickness and contact angles of BH3 reduced PECA films before and after
HFBC modification.
Reduction Time
Reduced HFBC
(h)
Thickness Rq 6A/eR Thickness
(nm) (nm) (°) (nm) \ )
0.17 82.9 2.617 73/35 91.5 84/36
1 100.2 2.597 69/15 105.2 111/10
L 91.2 2.497 69/11 93.7 120/12
6 94.6 2.658 69/10 99.7 122/11
20 95.8 3.251 67/10 99.9 120/8
44 94.3 3.129 68/9 98.2 120/7
The thickness of the reduced PECA film increased after vapor reaction with
HFBC. XPS data in Table 4.9 do not show a linear increase of F% with reduction time;
the PECA reduced by BH3 for 2 hours has the highest reaction yield. Surface
modification based on the 2 hour BHrreduced PECA films was investigated. As shown
in Table 4.10, the thickness of reduced PECA films also increased after the reaction with
CcFsCOCl at room temperature in diethyl ether. The reaction yield was ~ 18% (calculated
from F% in Table 4.1 1). The reduced PECA was modified with CH3COCI and HFBC in
the vapor phase, and C7H15COCI in solution (Table 4.10). The contact angles of PECA
surface changed from 6971 1** to 3479", 1 1978", 10978", and 128"/9", respectively after
modification with CoFsCOCI, CH3COCI, C7H15COCI, and HFBC.
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Table 4.9. XPS data of BH3-reduced PECA film modified with HFBC,
Reduction Time
(h)
15" t;ake-off angle 75" take-off angle
C N KJ r LI c N 0 F CI
0.17 56.5 9.4 lU.j 0.1 56.6 9.1 27.6 6.8 <.l
1 57.9 7.5 20.0 13.7 0.8 58.1 9.3 24.4 7.1 1 1A • J,
2 6.4 7.5 18.9 16.0 1.3 58.8 7.7 22.5 9.2 1.7
6 57.1 8.5 19.0 13.5 1.8 60.5 9.8 20.8 6.5 2.4
20 57.9 8.2 17.7 14.7 1.6 60.9 6.3 20.8 9.4 2.6
44 53.6 8.5 29.3 7.6 0.9 40.2 7.1 47.6 3.5 1.6
Table 4.10. Modification of the 2-hour BH3 reduced PECA.
Thickness Reagent Thickness^ QJQ^
("m) (nm) (o)
li3.0 A - CcFsCOCl ' 126:5 34^9
87.6 B-CHjCOCl^ 100.1 119/8
84.5 C-C7H,5COCr 92.7 109/8
92.3 D-HFBC'' 99.5 128/9
a. solution reaction in diethyl ether at room temperature b. vapor phase reaction at
35 °C
1
.
Thickness after reduction 2. thickness after modification
Table 4.1 1. XPS data of 2 hour BHrreduced PECA film after modification
Reagent
A
B
C
D
15° take off angle
58.8
58.5
70.6
54.3
N
6:4
5.2
7.8
8.0
O
25^6
35.0
18.6
21.9
5.8
15.1
CI
IT
0.6
3.0
0.7
2.4
0.7
75° take off angle
55.1
62.3
67.5
55.9
N
8^9
7.7
9.5
9.5
O
'29J
29.2
19.6
26.3
2.5
7.4
CI
T2
0.8
3.4
0.9
2.5
0.1
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4.4 Coiuliisions
Poly(cthyl 2-cyanoacrylale) thin film can be modilicd with acyl chlorides,
anhydrides and isocyanates in diethyl ether alter first being reduced by LiAIH4 or BH,.
The LiAlH4-reduced surface needed to be protected before further modification. Different
functionality has been introduced to the PECA film. The reaction yields on BH.rreduced
PECA were lower relatively than those on Li AlH4-rcduced PECA. None of this
chemistry can be considered high yield surface modifications. It may be useful if
particular functionality is required to attach particular reagents in small surface
concentration. The high water contact angle hysteresis indicates that the surfaces
reconstruct on exposure to water.
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CHAPTER 5
PREPARATION OF SMALL POLYMER OBJECTS USING ANODIZED
ALUMINUM MEMBRANES
5.1 Introduction *
5.1.1 Overview
The large range of potential new materials that could be made by the fabrication
of uniform nano-scale structures has generated a tremendous amount of interest recently.
The technological implications for the design and manufacture ofnew classes of
optoelectronic and electronic devices, as well as for the emergence of new physics, have
resulted in this field being one of the most active in physical science today. The
development of nanoscaled one-dimensional (ID) devices has emerged as a new and
important activity in materials science.''^ As a result, nanowires and nanotubes'"%ave
found their way into applications that range from displays and magnetic media^ to the
separation of racemic mixtures,^ selective ion transport,^ and sensors.'^
5.1.2 Anodized aluminum membranes (AAMs)
Martin et. air have pioneered a versatile approach for 1-D device fabrication
based on using anodized aluminum as molds (FESEM images are shown in Figure 5.1).
The membrane structure is a self-ordered hexagonal array of cylindrical pores of variable
sizes with diameters of 25 nm to 0.3 \im and depths exceeding 100 |im. These
dimensions depend on the anodizing conditions used. Pore densities are in the range of
10^-10^^ cm" . Membranes of this type are prepared electrochemically from aluminum
06
metal. • The pores have been found to be uniform and nearly parallel,'^ making
anodized aluminum membrane (AAM) films ideal templates for the electrochemical
deposition of fairly monodisperse nanometer-scale cylindrical particles. Those properties
make anodized aluminum a desirable material for many micro-fabricated fluidic devices,
quantum-dot arrays, polarizers, magnetic memory arrays, high-aspect-ratio
microelectromechanical systems, and photonic crystals.'^"'''
a 1 pm
200 nm
Figure 5.1. FESEM images of an anodized aluminum membrane (AAM) with - 200 nm
diameter nanopores: a. cross section; b. top view; c. bottom view.
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Depending on the surface properties of the material and the chemistry of the pore
wall, the nano-cylinder formed in each hole can be solid (nano fibers) or hollow
(nanotubes). Both nanotubes and nanofibrils composed of conductive polymers,^^-^^
metals,''^-^^ semiconductors/^'^' carbon'^ and other materials have been prepared. The
nano-structures can remain inside the pores of the template membrane or they can be
freed from the template membrane and collected as free nanoparticles. Metals'*^ can be
deposited within the pores of the template membrane by either electrochemical or
chemical ("electroless") reduction of the appropriate metal ions, such as copper,
platinum, gold, silver and nickel.
Huber et al.'^ have recently described an alternative template method that entails
injection of the metal melt into the pores of a template membrane. An anodized
aluminum membrane with iron deposited in the nano-pores has been shown to function as
vertical magnetic recording media.'*^ Au-Te nanocables have been prepared using
anodized aluminum membranes via electroless deposition'*^ followed by electrochemical
deposition.'*^ Sol-gel chemistry has been used to prepare semiconductor nanofibrils and
tubules of Ti02, WO3, and ZnO within the pores of an alumina template membrane'*'.
Gene delivery vehicles'*^'*** with DNA attached to a nanotube with a second material have
been made and DNA nanotubes have been prepared by layer-by-layer template
synthesis'*'^ and are composed entirely of DNA. McCarthy et. al.'°'^' have studied
polystyrene and polycarbonate nanorods and poly(/?-xylylene) nanotubes based on the
anodized aluminum membrane as template.
The conformal coating of poly(ethyl 2-cyanoacrylate) (PECA) on flat suri'aces has
been discussed in Chapter 1. This Chapter asks: can we extend the research to the
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"nanocylmder" area? The challenge was to modify the nanopores of anodized aluminum
membranes with PECA. In this chapter, vapor deposition on AAMs will be described;
nanotubes and nanorods made from poly(ethyl 2-cyanoacrylate) based on the anodized
aluminum membrane will also be discussed.
5.2 Experimental Section
5.2.1 Materials
All chemicals were used as received. Anodized aluminum membranes (AAMs)
were purchased from Whatman International Ltd.; [2,2]paracyclophane, lithium
aluminum hydride ( 1 .0 M solution in diethyl ether), and ( 1 ,5-
cyclooctadienedimethyl)platinum(II) were purchased from Aldrich. Hydrochloric acid
(36.5%) was purchased from Acros; Carbon dioxide (99.99%) and pre-purified hydrogen
were purchased from Merriam Graves, and were pressurized to certain values by a
motorized ISCO syringe pump.
5.2.2 Methods
Field emission scanning electron microscopy (JEOL 6320FXV) (FESEM) and
transmission electron microscopy (JEOL 2000FX) (TEM) were used to characterize
poly(ethyl 2-cyanoacrylate) and poly(/3-xylylene) nanotubes. FESEM samples were
coated with ~ 3 nm thick platinum before the characterization. TEM samples were
embedded in an epoxy resin and microtomed into ~ 50 nm thick films.
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5.2.3 Modification of annHi.ed aluminum membrane.
( A AM.)
Anodized aluminum membranes were used as templates for the fabrication of
poly(ethyl 2-cyanoaerylate) nanotubes. (N,N-diethyl-3-ammopropyl)trimethoxysilane
was used to modify the AAM. The tertiary amine groups of the silane on the surface of
the AAM could initiate the polymerization of ethyl 2-cyanoacrylate. The anodized
aluminum membranes were placed in a Schlenk tube which was then sealed and purged
with nitrogen for 20 minutes. A solution of 0.02 M (N,N-diethyl-3-aminopropyl)-
trimethoxysilane in anhydrous toluene was introduced to the Schlenk tube via cannula.
The Schlenk tube was then immersed in a 70 T oil bath for 3 days. After removal from
the Schlenk tube, the anodized aluminum membranes were rinsed with toluene,
dichloromethane, ethanol, 1 : 1 (v/v) water/ethanol, and water in this order, and then dried
under vacuum.
5.2.4 Vapor deposition of polv(ethvl 2-cvanoacrvlate) on AAMs
Vapor deposition of poly(ethyl 2-cyanoacrylate) was applied to the inner walls of
the nano-channels in the anodized aluminum membrane, the pore diameter is ~ 200 nm.
The anodized aluminum membranes used in the vapor deposition were pre-treated with
(N,N-diethyl-3-aminopropyl)trimethoxysilane. The set-up for the vapor deposition is
shown in Figure 5.2. The anodized aluminum membrane was placed in a filter holder
which sealed the edge of the membrane. The monomer, ethyl 2-cyanoacrylate, was
placed in a polyethylene disk inside of a water jacket. The AAM sample holder was
connected with the monomer chamber and nitrogen was introduced into the chamber. The
mixture of nitrogen and monomer vapor passed through the nanopores of the anodized
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aluminum membrane and PECA film was formed on the inner walls of the nano
channels. The sample holder was always maintained at room temperature, while the
temperature of the water jacket, the flow rate of nitrogen and the vapor deposition time
were the adjustable parameters in this study.
AAM
N.
EGA
water jacket
Figure 5.2. Set-up for the modification of anodized aluminum membranes by using ethyl
2-cyanoacrylate.
Once the vapor of ethyl 2-cyanoacrylate passes through the nano pores of the
membrane, the tertiary amino groups on the inner walls of those nano-channels initiate
the polymerization of monomer. The thickness of the polymer thin film can be monitored
by the weight change of the anodized aluminum membrane. FESEM was used to
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characterize the AAM before and after the modification. The inorganic membrane
(aluminum oxide) can be removed by treatment with HCl or HF solution in
water/ethanol. The poly(ethyl 2-cyanoacrylate) nanotubes were then collected by
filtration through a membrane with 100 nm pores. Samples were characterized with
FESEM after being dried under vacuum.
5.2.5 Vapor deposition of polvfp-xylvlene) on AAMs
Anodized aluminum membranes have been used to prepare poly(/?-xylylene)
nanotubes; this has been studied extensively by Herrera." The anodized aluminum
membranes were placed in the deposition chamber which was surrounded by a cold water
bath, as shown in Figure 5.3. The temperature of the sublimation section was set at ~ 80
T, and the temperature of the pyrolysis oven was around 600 °C. The deposition
chamber was always set at room temperature or lower depending on the film thickness
requirement. The system pressure was maintained at 35 ~ 40 mTorr. The thickness of
poly(p-xylylene) layer was controlled mainly by the vapor deposidon time.
<30 °C
60-140 °C
600 °C
sublimation
pyrolysis
/ / / vacuumpump
deposition
Figure 5.3. Set-up for the modification of anodized aluminum membrane by using
poly(p-xylylene).
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5.2.6 Surface modincatinn nf the polvfn-xyly lene) lavcr on A A
Poly(p-xylylene)-modif.ed AAMs were used as templates for the vapor deposition
of ethyl 2-cyanoacrylate. As discussed in Chapter 3, vapor deposition ofethyl 2-
cyanoacrylate does not occur on PPX surfaces unless basic groups are introduced. As
described in Chapter 3, hydroxyl groups were introduced to the aromatic group of the
poly(/?-xyIylene). After the Friedel-Crafts reaction, the reaction of the alcohols with
(N,N-diethyl-3-aminopropyl)trimethoxysilane was used to introduce tertiary amine
groups to the surface of the poly(/?-xylylene). The same method was used to modify the
PPX films on AAMs. In the whole process, the structure of the inorganic membrane
maintained.
was
5i2/7 Preparation of polyfcthyl 2-cvanoacrvlatcV polv(/?-xvlvlcne) coaxial
nanotubes using AAMs as templates
The PPX-modified AAM was used as a template for the vapor deposition of
poly(ethyl 2-cyanoacrylate). Alter the surface modification, the tertiary amine on the
poly(/7-xylylene) surface was used to initiate the polymerization ofethyl 2-cyanoacrylate
when the monomer vapor passed through the nano channels. The same set-up for making
PECA nanotubes was used here. The template was AAM coated with modified PPX.
5.2.8 Metal deposition in PPX/PKCA nanotubes
Platinum deposition in poly(ethyl 2-cyanoacrylate) and poly(/;-xylylene) thin
films was discussed in Chapter 3. C()DPtMc2 was used as the precursor in supercritical
carbon dioxide. TEM images (Figure 3.12, 3.13) have shown that no platinum particles
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were formed in the poly(p-xylylene) layer of the PPX/PECA multilayer thin films. The
same modification was applied to the polyOr7-xylylene)/poly(ethyl 2-cyanoacrylate)
coaxial nanotubes. A controlled amount of CODPtMes and anodized aluminum
membranes with PPX/PECA double layer films were introduced to a high-pressure
stainless steel vessel at the same time. The vessel was sealed and placed in a 40 °C water
bath for 30 minutes. The reaction vessel was pressurized with 1500 psi carbon dioxide at
40 °C by using a motorized syringe pump, then immersed in a 80 T oil bath for 8 hours.
After this time it was allowed to cool to room temperature in air. 3000 psi hydrogen was
introduced to the reaction vessel, which was reimmersed in the 80 T oil bath for another
hour. The high pressure gases were released after the reaction vessel was cooled to room
temperature. The PPX/PECA nanotubes with platinum were separated after the
membrane was dissolved in hydrofluoric acid or hydrochloric acid in water with ethanol.
FESEM and TEM were used to characterize the nanotubes.
5.3 Results and Discussion
5.3.1 Vapor deposition of PECA on AAMs
As discussed in Chapter 1, vapor deposition of poly(ethyl 2-cyanoacrylate) is
initiated by nucleophiles on the surface. The growth of polymer thin film is mainly
controlled by the monomer vapor concentration, which is affected by temperature and
system pressure. Initiators are also needed for the vapor deposifion of PECA on the walls
of the nano channels in the AAM. In research described in this chapter, AAMs were
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modified with (N,N-diethyl-3-aminopropyl)trimethoxysilane to introduce tetliary amine
groups onto the surface. Any condition affecting the vapor concentration close to the wall
of the nano channels affects the PECA deposition inside of the AAM. The effects of the
nitrogen now rate, water jacket temperature, and vapor deposition time are described.
5.3.1.1 Nitrogen flow rate
The temperature of the water jacket was set at 70 T, and the evaporation time
was 2 hours. The nitrogen flow rate was set at 1.) 6.0 mL/min, 2.) 7.8 mL/min, 3.) 1 1.1
mL/min, 4.) 18.0 mL/min, 5.) 22.2 mL/min, and 6.) 27.8 mL/min. The thickness of the
coating of poly(ethyl 2-cyanoacrylate) on the anodized aluminum membranes can be
characterized by gravimetry. In Figure 5.4, the mass change vs. N2 flow rate is plotted.
The thickness of the PECA layer inside of the AAMs can be calculated using
equation 1 (Appendix A).
H = Rx[i-(i-X)'^2-|
Where:
R is assumed to be 100 nm, the radius of the AAM nanopores
H is the thickness ofPECA layer inside ofAAM nano channels
X is the ratio ofAAM weight change (mg) to 3.86 (mg) which is the maximum
weight change when all pores are completely filled.
The thickness of the PECA layer on the AAM vs. N2 flow rate is plotted in Figure
5.5. The mass of the membrane and the thickness of the PECA layer increased with the
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nitrogen flow rate up to a flow rate of^ 15 mL/min, and then decreased at higher flow
rates. This decrease is proposed to be due to the dilution of monomer vapor by nitrogen,
makmg the deposition slower. If the flow rate was too low, the monomer molecules have
difficulty being transferred into the nano channels. The fact that this system is not "at
equilibrium" and that mass transport is involved is emphasized.
10 15 20
N2flow rate (mL/min)
25 30
Figure 5.4. Weight change ofAAM with N2 flow rates,
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Figure 5.5. PECA layer thickness on AAMs at different N2 flow rates.
Figure 5.6 shows FESEM images of the bottom side of anodized aluminum
membranes treated with poly(ethyl 2-cyanoacrylate) vapor; the numbered micrographs
correspond to the sample numbers in Figure 5.4. It is apparent that sample 4 was sealed.
From sample 1 to sample 6, the open pore size changed from large size to small and then
large again, indicating that the thickness of the PECA layer on the AAM increases and
then decreases with increasing N2 flow. This result is consistent with the weight change
curve (Figure 5.4). Figure 5.7 shows the top side images of the anodized aluminum
membranes. In the experimental set-up, the top side was facing up and the bottom side
was facing down against the gas flow. It appears that the top side was modified with a
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thicker layer than the bottom side. Figure 5.8 shows images of the cross sections of the
anodized aluminum membranes after the samples were broken in liquid nitrogen. For
sample 3 and 4, the top and the bottom sides are sealed by polymer, but the cross section
of the membranes show that the nano channels were not completely filled. The polymer
film appears to have been formed conformally everywhere on the surface of the anodized
aluminum membrane. When the flow rate of the nitrogen was high, the concentration of
the ethyl 2-cyanoacrylate in the fluent was diluted and the deposition of the polymer was
slowed. So this process is concentration-controlled. At lower flow rates, the monomer
concentration was higher, but the effect is not linear. Mass gain for samples 1 and 2 was
lower than that for sample 3 and 4, indicating that the deposition is complicated by mass-
transfer. By choosing the correct flow rate and reactor geometry, the vapor deposition of
ethyl 2-cyanoacrylate can be well controlled.
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Figure 5.6. FESEM images showing the bottom sides of AAMs after PECA deposition at
70 for 2 hours at different N2 flow rates: 1. 6.0 mL/min; 2. 7.8 mlVmin; 3. 1 1.1
mlVmin; 4. 18.0 mL/min; 5. 22.2 mL/min; 6. 27.8 mL/min.
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Figure 5.7. FESEM images showing the top side of AAMs after PECA deposition at 70
^'C for 2 hours at different N2 flow rates: 1. 6.0 mL/min; 2. 7.8 mlVmin; 3. 1 1.1 mL/min;
4. 18.0 mLVmin; 5. 22.2 ml7min; 6. 27.8 mL/min.
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Figure 5.8. FESEM images showing the cross section of AAMs after PECA deposition at
70 "C for 2 hours at different N2 flow rates: 1. 6.0 mUmin; 2. 7.8 mlVmin; 3. 1 1.1
mlVmin; 4. 18.0 mL/min; 5. 22.2 mlVmin; 6. 27.8 mL/min.
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5.3.1.2 The effect of the temperature on the vapor deposition of PECA on AAM
The monomer chamber used (Figure 5.2) was surrounded by a water jacket, so the
temperature of the ECA monomer can be controlled by the temperature of the water
jacket. The temperature of the monomer liquid was not measured, the ECA vapor
pressure in the chamber increases with its temperature. The effect of the temperature
studied, nitrogen flow rate was controlled at 18 mL/min, and the ECA deposition on
AAM was stopped after 2 hours.
was
35 40 45 50 55 60 65 70 75
Water jacket temperature (°C)
Figure 5.9. Weight change ofAAM with the temperature of water jacket after 2-hour
PECA deposition with N2 flow rate at 18 mL/min.
As shown in Figure 5.9, the weight change of the anodized aluminum membrane
increased linearly with the water jacket temperature, which indicates that the thickness of
PECA film on the AAM increased with the vapor concentration of ECA (as shown in
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Figure 5.10). By tuning the water jacket temperamre, the deposition on the AAM could
be adjusted.
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Figure 5.10. Thickness of PECA layer on AAMs after 2-hour deposition with N2 flow
rate at 1 8 mL/min at different water jacket temperatures.
Figure 5.11 shows FESEM images of the bottom views of the AAM prepared at
different temperatures; the pores remained open, however, the pores were almost filled
with polymer at 70 °C. The top views of the AAM are shown in Figure 5.12, these mirror
the bottom views. The cross section images of the membranes (Figure 5.13) indicate that
the middle sections of the nano channels were not filled completely, and nano PECA
tubes have formed inside of the inorganic AAMs. The deposition of PECA on AAMs can
be adjusted by changing the temperature.
23
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Figure 5.1 1. FESEM images of the bottom sides of AAMs after PECA deposition at
different water jacket temperatures for 2 hours with N2 flow rate at 18 mL/min.
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Figure 5.12. FESEM images of the top sides of AAMs after PECA deposition at different
water jacket temperatures for 2 hours with N2 flow rate at 18 miymin.
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Figure 5.13. FESEM images of the cross sections ofAAMs after 2-hour PECA
deposition at different water jacket temperatures with N2 flow rate at 18 mL/min.
5.3.1.3 The effect of vapor deposition time on the deposition of PECA on AAM
In this study, the temperature of the water jacket was set at 70 ''C, and the flow
rate of nitrogen was set at 18 mL/min. In Figure 5.14, the weight change ofAAM is
indicated to be almost linear with the vapor deposition time. This is consistent with
results for the polymer deposition on flat surfaces as discussed in Chapter 1 . Figure 5.15
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shows the calculated thicicnesses of PECA layer on the AAMs. Figures 5.16, 5.17 and
5.18 show views of bottom, top and the cross-section of the AAMs, respectively. If
correct conditions are chosen, AAMs coated with different PECA thicknesses can be
obtained.
0 20 40 60 80 100 120 140
Vapor deposition time (min)
Figure 5.14. Weight change ofAAM with the ECA vapor deposition time at 70 °C with
N2 flow rate at 18 mL/min.
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Figure 5.15. Thickness of PECA layer on AAM for different deposition time at 70°C
with N2 flow rate at 18 mL/min.
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Figure 5.16. FESEM images of the bottom sides of AAMs after the EGA vapor
deposition at 70 °C for different periods of time with N2 flow rate at 18 mL/min.
129
1 \im
Figure 5.17. FESEM images of the top sides of AAMs after the EGA vapor deposition at
70 °C for different periods of time with N2 flow rate at 18 mlVmin.
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Figure 5.18. FESEM images of the cross sections ofAAMs after the ECA vapor
deposition at 70 °C for different periods of time with N2 flow rate at 1 8 mL/min.
5.3.2 PECA nanotubes
Anodized aluminum membranes were used to prepare polymer nano objects,
which were separated from the inorganic template by dissolution of the aluminum oxide.
The modified AAM was immersed in a solution of HCl/ethanol or HF/ethanol overnight
and then separated by a filter membrane with 100 nm diameter pores. Figure 5.19 shows
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FESEM images of the top and bottom of a PECA replica of a membrane prepared by
vapor deposition of EGA at 70 »C on an AAM with nitrogen flow rate at 20 mUmin for 1
hour.
1 pm
Figure 5.19. FESEM images of the bottom side (a) and top side (b) of the poly(ethyl 2-
cyanoacrylate) membrane after the AAM was dissolved in HF/ethanol.
The cross section of the poly(ethyl 2-cyanoacrylate) membrane is shown in Figure
5.20. The polymer nanotubes are stiff and straight, and possess the shape of the nano
channels in the AAM.
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Figure 5.21. FESEM image of poly(ethyl 2-cyanoacrylate) nanotubes after ultrasound
treatment.
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Figure 5.21 shows an FESEM image of nano PECA tubes after ultrasound
treatment. The tube shape is very obvious, and the tubes are open at both ends. The
thickness of the PECA layer can be tuned by changing parameters such as water jacket
temperature, vapor deposition time, and flow rate of nitrogen. So the PECA nanotubes
with different inner diameters can be obtained. If the inorganic membrane was not
removed, the modified membranes could be used as filters.
5.3.3 PPX/PECA coaxial nanotubes
As discussed above, anodized aluminum membranes have been used as templates
to make poly(ethyl 2-cyanoacrylate) and poly(p-xylylene) nanotubes and multilayer thin
films ofPPX and PECA can be prepared. Coaxial nanotubes with PPX on the outside of
PECA were prepared using a three-step procedure: first, the anodized aluminum
membrane was coated with poly(/?-xylyene) via vapor deposition to make PPX
53
nanotubes with different wall thicknesses; second, as described in Chapter 3, the surface
ofPPX was modified with tin tetrachloride and propylene oxide, followed by reaction
with an aminosilane; third, the AAM with modified PPX was used as a template for the
vapor deposition ofPECA using the same experimental set-up shown in Figure 5.2.
When the vapor of ethyl 2-cyanoacrylate monomer passes through the PPX nano
channels, a poly(ethyl 2-cyanoacrylate) layer forms inside of the PPX layer, and the
growth ofPECA on the inner wall of PPX nano channels could be controlled. Small
polymer objects can be isolated by dissolving the inorganic aluminum oxide.
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Figure 5.22. FESEM images of the AAM with 7 nm thick poiy(/?-xylylene) coating, a.
bottom view; b. top view; c. and d. cross sections.
Figure 5.22 shows FESEM images of the anodized aluminum membrane coated
with a ~ 7 nm thick polyO-xylylene) film; the nano channels were still maintained. This
thickness value is an estimate that was determined using the ellipsometric thickness of a
smooth sample (silicon wafer) coated during the same deposition. Figure 5.23 shows the
FESEM images of the top and bottom views of the PPX membrane after the inorganic
template was dissolved in HCl/ethanol. Since the Tg of PPX is only 13 and the
thickness of the PPX layer was only 7 nm, the PPX nanotubes cannot support themselves.
Figure 5.24 shows the collapsed PPX nanotubes, and Figure 5.25 shows the PPX
nanotubes after ultrasound treatment.
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Figure 5.24. FESEM images of the 7 nm thick poly(p-xylylene) nanotubes after removal
of the AAM: a. side view; b. one end.
136
a
1 pm
Figure 5.25. FESEM images of the 7 nm thick poly(p-xylylene) nanotubes after removal
of the AAM and ultrasonic treatment: a. one end; b side view.
An AAM with a 7-nm thick PPX layer was used as template for the vapor
deposition of ethyl 2-cyanoacrylate to make coaxial nanotubes. The surface modification
to introduce tertiary amine groups onto the surface of the inner wall and initiate the
polymerization of ethyl 2-cyanoacrylate was carried out. The thickness of PECA inside
of the PPX tubes is controllable and the details are not repeated here. The PECA layer
inside of PPX channel could be very thick. Figure 5.26 shows FESEM images of the
cross-sections of an AAM modified with a 7-nm thick PPX layer and PECA (weight
change: 3.13 mg, calculated thickness: 56.5 nm),
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Figure 5.26. raSEM images showing cross sections of 7 nm thick poly(p-xylylene)
nanotubes coated with thick poly(ethyl 2-cyanoacrylate) layer in the AAM: a. one end; b.
and c. center; d. the other end.
A thin PECA layer on the top of the PPX layer inside of AAM could also be
prepared. Figure 5.27 shows the FESEM images of an AAM modified with a 7-nm thick
PPX layer and PECA (weight change: 1.42 mg, calculated thickness: 20.5 nm). The pores
and the hollow features of the tubes were maintained after the inorganic aluminum oxide
was dissolved. Figure 5.24 showed the collapse of the nanotubes of PPX with 7 nm wall
thickness. However, Figure 5.28 shows that the PPX/PECA coaxial nanotubes are strong
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enough to stand by themselves. Figure 5.28 (b) shows that the nanotubes look like stiff
fibers, and image c shows that they are tubes, not rods.
1 |jm
Figure 5.27. FESEM images showing 7 nm thick poly(/?-xylylene) nanotubes coated with
a thin poly(ethyl 2-cyanoacrylate) layer in the AAM: a. bottom view; b. top view; c. one
end; d. the other end.
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Figure 5.28. FESEM images of the side views of poly(p-xylylene)-poly(ethyl 2-
cyanoacrylate) coaxial nanotubes after the removal of the AAM: a. low magnification- b
high magnification.
5-3.4 Platinum deposition in PPX/PECA coaxial nanotuhes
Metal deposition in the multilayer PPX/PECA films has been described in
Chapter 3. Platinum particles were only found in the PECA layer, no particles were seen
in the PPX layer. The strategy to put platinum into multilayer polymer thin films via
supercritical carbon dioxide was also applied to the PPX/PECA coaxial nanotubes. The
coaxial nanotubes had a ~ 20 nm thick PPX and a ~ 20 nm thick PECA layer. The
thickness value for the PPX layer is an estimate that was determined using the
ellipsometric thickness of a smooth sample (silicon wafer) coated during the same
deposition. The thickness of PECA layer was calculated from the AAM weight change
using eq. 1
.
Figure 5.29 shows the platinum particles on the inner wall of the PPX/PECA
tube. Figure 5.30 shows TEM images of the PPX/PECA nano coaxial tube with platinum
particles. The inorganic template has been removed, and the sample was embedded in a
epoxy resin. Figure 5.30 (a) shows a sample that was microtomed along the tubes, and
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Figure 5.30 (b) shows a sample that was microtomed approximately perpendicular to the
tubes. Particles were formed on the PECA walls and inside of the PECA layer.
Figure 5.29. FESEM images showing the platinum particles deposited on the inner walls
of PPX-PECA nanotubes withm AAM.
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Figure 5.30. TEM images of the Pt particles deposited in tiie PPX-PECA nanotubes
Samples were microtomed: a. along the nanotubes; b. perpendicular to the nanotubes.
5.4 Conclusions
Nano polymer objects of varying complexity have been prepared by research
described in this Chapter. Three different types of structures were realized: (1) Conformal
poly(ethyl 2-cyanoacrylate) thin films have been coated on the walls of nano channels in
anodized aluminum membranes. Nano PECA tubes with controllable wall thicknesses
have been prepared. (2) Coaxial nanotubes comprised of PPX outer shells and PECA
inner shells were formed using AAMs as templates. (3) Platinum deposition to AAM-
supported PECA nanotubes in regions defined by the PECA was achieved.
142
5.5 Referenct^s
(1) Huang, Y.; Duan, X. R; Cui, Y.; Lauhon, L. J.; Kim K H • Lieber C MScience 2001, 294, 1313-1317. '
(2) Martin, C. R. 5dence 1994, 266, 1961-1966.
(3) Schnur, J. M. Science 1993, 262, 1669-1676.
93T935^
' Tiirell, D. 5c/.«ce 1996, 273,
(5) Bognitzki M. Hou, H. Q.; Ishaque, M.; Frese, T.; Hellwig, M.; Schwarte, C;
bchaper, A.; Wendorff, J. H.; Greiner, A. Advanced Materials 2000, 12, 637-+.
(6) Steinhart, M.; Wendorff, J. H.; Greiner, A.; Wehrspohn, R. B.; Nielsch K •
Schilling, J.; Choi, J.; Gosele, U. Science 2002, 296, 1997-1997.
(7) Kovtyukhova, N. I.; Mallouk, T. E.; Mayer, T. S. Advanced Materials 2003, 15,
780-+.
(8) Lee, S. B.; Mitchell, D. T.; Trofin, L.; Nevanen, T. K.; Soderlund, H.; Martin
C. R. Science 2002, 296, 2198-2200.
(9) Nishizawa, M.; Menon, V. P.; Martin, C. R. Science 1995, 268, 700-702.
(10) Steinle, E. D.; Mitchell, D. T.; Wirtz, M.; Lee, S. B.; Young, V. Y.; Martin, C,
R. Analytical Chemistry 2002, 74, 2416-2422.
(11) Despic, A.; Parkhutik, V. P. Modem Aspects ofElectrochemistry; Plenum Press:
New York, 1989; Vol. 20.
(12) Masuda, H.; Fukuda, K. Science 1995, 268, 1466-1468
(13) Ricker, R. E.; Miller, A. E.; Yue, D. P.; Banerjee, G.; Bandyopadhyay, S
Journal ofElectronic Materials 1996, 25, 1585-1592.
143
(14) Osulliva.Jp; Wood, G. C. Proceedings of the Royal Society ofLondon Series aMathematical and Physical Sciences 1970. 3
1
7, 5 1 1 -&.
^''^
mt^OO, 4?1-4T9^- ^^^'^ Electrochemical Society
^'^^
55!
^^^^^"^^ ^^^^^-^ 1989,
(17) Kawai, S.; Ueda, R. /owma/ o/r/ze Electrochemical Society 1975, 722, 32- 36,
(18)
^^"^^^^^^^^^^
Coombs, N
.; Moskovits, M. Journal ofApplied Physics 1991,
(19) Zou, W. X.; Boudreau, R.; Han, H. T.; Bowen, T.; Shi, S. S.; Mui, D. S L •
Merz, J
.
L. Journal ofApplied Physics 1995, 77, 6244-6246.
(20) Martin, C. R. Chemistry ofMaterials 1996, 5, 1739-1746.
(21) Parthasarathy, R. V.; Martin, C. R. /owma/ ofApplied Polymer Science 1996, 62,
875-886.
(22) Martin, C. R.; Parthasarathy, R. V. Advanced Materials 1995, 7, 487-488.
(23) Parthasarathy, R. V.; Martin, C. R. A^amre 1994, 369, 298-301.
(24) Martin, C. R.; Parthasarathy, R.; Menon, V. Synthetic Metals 1993, 55, 1 165
1170.
(25) Martin, C. R. Advanced Materials 1991, 3, 457-459,
(26) Cai, Z. H.; Lei, J. T.; Liang, W. B.; Menon, V.; Martin, C. R. Chemistry of
Materials 1991, 3, 960-967.
(27) Vandyke, L. S.; Martin, C. R. Langmuir 1990, 6, 1 1 18-1 123.
144
^''^
%66'9r68^' ^^^--^^ ^--^ 1990, 112,
^^^^
4 ns^dno
-^^"""^^ ^-^^^^ ^^^^''^"^
^^^^^O' 1989, 777,
^^^^
2206!2207^ ' ^" ^"
^"''"^''^ Electrochemical Society 1986, 133,
(31) Hulteen, J. C; Menon, V. P, Martin, C. R. Journal ofthe Chemical Society-taraday Transactions 1996, 92, 4029-4032.
(32) Menon, V. P.; Martin, C. R. Analytical Chemistry 1995, 67, 1920-1928.
(33) Brumiik, C. J.; Menon, V. P.; Martin, C. R. Journal ofMaterials Research 1994
9,1174-1183.
(34) Foss, C. A.; Homyak, G. L.; Stockert, J. A.; Martin, C. R. Journal ofPhysical
Chemistry 1994, 98,2963-2911.
(35) Foss, C. A.; Homyak, G. L.; Stockert, J. A.; Martin, C. R. Advanced Materials
1993, 5, 135-136.
(36) Foss, C. A.; Homyak, G. L.; Stockert, J. A.; Martin, C. R. Journal ofPhysical
Chemistry 1992, 96, 7497-7499.
(37) Brumiik, C. J.; Martin, C. R.; Tokuda, K. Analytical Chemistry 1992, 64, 1201
1203.
(38) Brumiik, C. J.; Martin, C. R. Journal ofthe American Chemical Society 1991,
775,3174-3175.
(39) Penner, R. M.; Martin, C. R. Analytical Chemistry 1987, 59, 2625-2630.
(40) Lakshmi, B. B.; Dorhout, P. K.; Martin, C. R. Chemistry ofMaterials 1997, 9,
857-862.
145
(41) Kiein J. D Hernck, R. D, Palmer, D, Sailor, M. J, Brumlik, C. J, Martin CChemistry ofMaterials 1993, 5,902-904.
^'lui ,
(43) Hulteen, J. C; Martin, C. R. Journal ofMaterials Chemistry 1997, 7, 1075 1087
(44) Huber, C. A.; Huber, T. E
.; Sadoqi, M
.; Lubin, J. A.; Manalis, S.; Prater C B
Science 1994, 263, m-S02,
(45) Kawai, S.; Ishiguro, I. Journal of the Electrochemical Society 1976, 123, 1047-
1 ^)^5 1
1
(46) Ku, J. R.; Vidu, R.; Talroze, R.; Stroeve, P. Journal of the American Chemical
Society 2004, 126, 15022-15023.
(47) Pantarotto, D.; Singh, R.; McCarthy, D.; Erhardt, M.; Briand.J.P.; Prato, M.;
Kostarelos, K.; Bianco, A, Angewandte Chemie-Intemational Edition 2004 43
5242-5246. '
'
(48) Kam, N. W. S.; Jessop, T. C; Wender, P. A.; Dai, H. J. Journal ofthe American
Chemical Society 2004, 126, 6850-6851.
(49) Hou, S. F.; Wang, J. H.; Martin, C. R. Journal ofthe American Chemical Society
2005, 127, 8586-8587.
(50) Moon, S. I.; McCarthy, T. J. Macromolecules 2003, 36, 4253-4255
(51) Alonso, M. H. In Polymer Science and Engineering; University of Massachusetts:
Amherst, 2005.
146
APPENDIX A
CALCULATION OF PECA THICKNESS ON AAM
R H = R
rifT f u'"? '"^^'"""^ aluminum membrane: 1. empty pore; 2. nanoporesfilled with PECA (thickness H); 3. nanopores completely filled.
The commercial available AAM used in Chapter 5 was 1.3 cm in diameter and the
average thickness was 60 ^im, the average weight was 10.2 mg. When the AAM was put
in the sample holder, the outer edge was sealed by an 0-ring, that part was 1 mm. The
modified area for AAM was actually 1.1 cm in diameter. The density of alumina is 3.97
g/cm
,
if the anodized aluminum membrane has no pores, the weight W would be:
W = 3.97 X 60 X 10'^ X 7t X (1.3/2)^ = 31.6 mg
The ratio of the vacant area on the anodized aluminum membrane would be:
(31.6- 10.2)/3 1.6 X 100% = 67.7%
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The efficient area for PECA deposition was 1.1 cm in diameter, so actually
.f the
anodized aluminum membrane was completely filled with PECA (assuming the density
of PECA is 1 g/cm^), that means H = R, the weight change would be:
Wf = 1 X 60 X 10-' X 71 X (1.1/2)2 X 67.7% = 3.86 mg
So if the pores were partially filled with PECA, the weight change will be corresponding
to the area change due to the PECA coating on the mner wall. The ratio of the weight
change of the membrane We to Wf will be the ratio of the filled area to the nanopore area,
which means:
WcAVf = [r2 - (R-H)']/r2 where: R = 100 nm
Wc can be measured after the vapor deposition of PECA on AAM, and
Let:
X = WcAVf
Then:
h2-2RH + r2x = 0
H = Rx[ 1-(1-X)n
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APPENDIX B
ELECTROLESS GOLD DEPOSITION IN PECA NANOTUBES
Introduction
Electroless gold deposition was attempted in the PECA modified AAM. The gold
deposition solution used in our lab was sodium gold sulfite (Na3Au(S03)2). Electroless
gold is deposited from a solution as the result of the reaction of chemicals in the bath, and
electroless gold plated deposits are uniform in thickness around comers, on both sides of
a part, and even in the deep inside walls of small holes.
A standard recipe for electroless gold plating in PECA nanotubes was carried
out,''^ The mechanism of this process is crudely sketched in Figure B.l. Likely because
of the nitrile groups present on the PECA surface, Sn^^ should adsorb to the surface of
PECA film and then Ag^ should be reduced by Sn^^ into Ag nano particles. Au^ can then
be reduced to Au nanoparticles by using formaldehyde (eq.l).
Ag - Au
+ SnCl2 y + Ag^ I'' Ag + Au W Au
Ag I Au
sn^^ r:sn'
Ag f Au
Sn S I Sn
+ Ag
Figure B.L Mechanism of electroless gold deposition,
2Aua) + HCHO + 30H- HCOO" + 2H2O + 2Au
149
Experimental Section
Materials
All chemicals were used as received. Anodized aluminum membranes (AAM)
were purchased from Whatman International Ltd.; sodium hydroxide, barium hydroxide
octahydrate (98%), sodium sulfite (98%), Tin (II) chloride (99.99%). silver nitrate
(99.9999%), formaldehyde (37 wt% solution in water), trifluoroacetic acid, and nitric
acid (70%), were purchased from Aldrich; gold foil (99.99%) was obtained from Alfa
Aesar; hydrochloric acid (36.5%) was purchased from Acros.
Method
Energy Dispersive X-ray Spectroscopy (EDS) was used to detect gold on the
cross section of AAM after electroless gold deposition.
Synthesis of sodium gold sulfite
0.5 g gold was dissolved in aqua regia^ (0.3 g HNO3 and 1,0 g HCl, eq.2). The
solution was heated up to remove HNO3 and HCl to form AuCb. 0.2 g NaCl was added
to form NaAuCU. The NaAuCU solution was heated to 80 °C, then 1.0 g Ba(0H)2 was
added under stirring to form a dark amber solution. After the addition of NaOH (in 50 %
solution form), a greenish brown precipitate formed (eq.3). The suspension was boiled
for 15 minutes. HCl was used to adjust the pH to 6-8 and the suspension was heated
again to boil for 15 minutes, and cooled in a - 5 "C bath. The precipitate formed was
filtered and washed using cold water. The precipitate was transferred to make a slurry
and heated/stirred at 50 "C, cooled and filtered. This was repeated twice, and the
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precipitate [Ba(Au02)2] was made a slurry again, and then heated up to 50 ~ 65 «C. 3.0 g
Na^SOs was added and the mixture was kept at ~ 60 «C until the precipitate turned purple
(eq.4). The mixture was filtered, and the filtrate was retained. Sodium gold sulfite
[Na3Au(S03)2] was in the filtrate, which was filtered with a 0.2 ^im filter and a clear
solution was obtained. 5 wt%t Na4P20r lOH^O was added to the solution to stabilize
Na3Au(S03)2. NaH2P04. EDTA (2Na), and HCHO were added to the solution for
electroless gold deposition. The pH was tuned using oxalic acid solution to ~ 7.5.
Au + HNO3 + HCl HAuCU
2NaAuCl4 + 6NaOH + Ba(0H)2 Ba(Au02)2| + 8NaCl + 4H2O
Ba(Au02)2 + 6Na2S03 + 2H2O 2Na3Au(S03)2 + BaS04 j + 4NaOH
(2)
(3)
(4)
Electroless gold deposition in PECA nanotubes
The AAM-supported PECA nanotube assembly was immersed in a solution of
0.026 M SnCl2 and 0.07 M CF3COOH in water/methanol (1:1 v/v) for 3 minutes, rinsed
with methanol ( 3 x 100 mL), and then dipped into a 0.029 M ammoniacal AgNOs
aqueous solution for 2 minutes. The membrane was rinsed with 3 x 100 mL methanol
and 3 X 100 mL water, before immersion into a solution of 4 x 10"^ M Na3Au(S03)2 and
0.625 M HCHO in water for different periods of time. The pH value was adjusted in the
range of 6.5 ~ 8 by using dilute oxalic acid solution or sodium hydroxide solution. The
AAM was taken out of the electroless gold deposition solution and then rinsed with
methanol and water respectively, the membrane was dried under vacuum. Gold
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deposition baths are very sophisticated and the extent to which commercial baths were
duplicated for this
..search is questioned. In this study, the pH value of the bath was
measured as 9.0; pH = 7.5 is reported to be more desirable. A silicon wafer-supponed
PECA film was reacted under the same conditions as the AAM-supported PECA film so
that XPS spectra could be recorded.
Results and Discussion
XPS spectra in Figure B.2 show the presence of Sn and Ag on the surface, which
indicates that after PECA films were immersed in the SnCl2/CF3COOH solution in 1 :1
methanol/water (v/v 1 :1) and ammonical AgNOs solution, the PECA surface
activated, this is very important for the next step - gold deposition.
was
152
12000
Binding Energy (eV)
Figure B.2. XPS of silicon-supported PECA after treatment with SnCh and AeNO,
solutions at 15" (top) and 1 5° (bottom) take-off angles.
Figure B.3 is an FESEM image of the cross section of a PECA-coated AAM after
gold plating at room temperature for 12 hours. The presence of nano particles that formed
in the nano channels is apparent. Figure B.4 shows an Energy Dispersive X-ray spectrum
for the area shown in Figure B.3, although at a higher magnification (120K), indicating
the presence of gold.
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Figure B.4. Energy Dispersive X-ray Spectroscopy (EDS: 120K) of Au nanoparticles in
PECA nanotubes.
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Figure B.5 shows TEM images of the nano gold particles inside the PECA-coated
AAM nano channels, (the alumina membrane was not dissolved). The gold particles
formed are ~ 100 nm in diameter.
^ M"^ h 100 nm
Figure B.5. TEM images of the Au nanoparticles deposited in PECA nanotubes using
electroless gold plating method.
Conclusions
Gold nanoparticles were introduced to AAM-supported PECA nanotubes using
electroless gold deposition.
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